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ABSTRACT
Helical piles are currently considered a preferred foundation option in a wide range of
engineering projects to provide high compressive and uplift resistance to static and
dynamic loads. In view of the large capacity of large diameter helical piles, there is a need
to determine their capacity using accurate and economically feasible testing techniques.
The capacity of piles is usually determined by conducting a Static Load Test (SLT).
However, the SLT can be costly and time consuming, especially for large capacity piles.
The High Strain Dynamic Load Test (HSDT) evaluates the pile capacity using dynamic
measurements generated through subjecting the pile to an axial compressive impact force
by means of dropping a hammer at its head. The objective of this study is to investigate the
performance and effectiveness of HSDT of helical piles using mathematical and numerical
methods. Several case studies were examined to validate the mathematical model. The
calculated pile responses were compared with the observed behavior during the actual
HSDT. The mathematical model was then modified to investigate the impact response
generated at the head of helical piles with different geometries. A method to approximate
the pile impedance of helical piles with single and double helices were developed using
added soil mass model. Furthermore, two-dimensional (axi-symmetrical) nonlinear
dynamic finite element analyses were conducted using Plaxis 2D to investigate the
response of helical piles during HSDT. The finite element models were verified against
two case histories. The verified models were used to perform a comprehensive parametric
study to better understand the aspects of the soil-pile-hammer system on the dynamic
response of helical piles during axial impact loads. Finally, the results of mathematical and
numerical investigations were used to formulate guidelines for the design of effective
HSDT on helical piles as well as on driven piles.

Keywords: Helical piles, Static, Dynamic, Impedance, Axial impact, Numerical
modelling, Analytical modelling, Plaxis 2D, High Strain Dynamic Test, Driven piles,
Design.
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SUMMARY FOR LAY AUDIENCE
Helical piles are composed of circular or square shafts fitted with one or more helical plates
attached near the bottom of the shaft. They are used to transfer structural loads at the
surface to stiffer and stronger soil. Helical piles are installed using a rotary hydraulic head
that generates a torque and vertical force capable of pushing the pile into the ground. In
order to determine their load carrying capacity, a Static Load Test (SLT) is conducted, The
SLT involves applying loads increasingly at the pile head and measuring the movement at
the pile head. However, SLTs is relatively expensive and time-consuming, thus limiting
the number of helical piles that can be tested. As an alternative, the High Strain Dynamic
Test (HSDT), which involves applying an impact load at the pile head through a falling
mass, has been recently applied to determine the capacity of helical piles. This thesis
investigates the performance of helical piles during the HSDT and provides guidelines for
proper design using HSDT for helical piles.
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CHAPTER ONE

INTRODUCTION

1.1 Overview
Accurate determination of static load carrying capacity of individual piles is necessary for
reliable design of piled foundations. Quantitative determination of the static pile capacity
is traditionally accomplished through the conventional Static Load Test (SLT), which is
considered to be the most accurate test to determine pile capacity. However, the SLT is
relatively expensive and time consuming, thus limiting the number of piles that can be
tested. These inherent limitations are acute for large capacity piles because large test setups
are required. It is therefore highly desirable to seek an alternative test that could determine
the static capacity quickly and with less cost compared to SLT.
In the recent past, the High Strain Dynamic Test (HSDT) has been introduced as an
efficient means for evaluating the bearing capacity through the concept of “dynamic soil
resistance”. The High Strain Dynamic Test is characterized by its short duration of loading,
which results in high velocity and acceleration of the test pile compared with the Static
Load Test. In the HSDT, the pile top is subjected to a hammer impact dropped from a
height. The hammer can be simply released to fall mechanically under gravity,
hydraulically operated weight, or a hammer with a diesel engine combustion. The strain
and acceleration signals measured at the top of the pile are converted by the Pile Driving
Analyzer (PDA) into force and velocity records plotted against time. These records are
post-processed using special software called The CAse Pile Wave Analysis Program
(CAPWAP). The software can isolate the dynamic resistance from the total resistance to
provide insight into the static response of the pile under consideration. Typically, one blow
is selected for analysis. However, different results may be obtained from different blows
within the same soil layer. Thus, a representative blow should be selected with care for the
analysis to determine the pile capacity. Several studies have been performed using the
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CAPWAP for the analysis of HSDT indicated a good correlation with the SLT results
(Likins & Rausche, 2004; Green & Kightley, 2005; Vaidya, 2006; Long et al., 2009;
Basarkar et al., 2011; and Rajagopal et al., 2012).
There are two main approaches used for the analysis of pile response to axial impact
loading: the Winkler based model and the finite element analysis. The Winkler based
model has been commonly used, and its ability to predict load-deflection behavior of the
pile-soil model has been proven (Smith, 1960; Nogami & Konagai 1987; El Naggar &
Novak, 1992, 1994; Long et al., 2009). Similarly, several studies are available concerning
modelling pile dynamic load tests and its associated computation using the finite and
boundary element analysis in the literature. Several attempts have been made to simulate
real dynamic pile load test conditions (Nath, 1990; Mabsout & Tassoulas, 1994; Mahutka
et al., 2006; Feizee, 2008; and Fakharian et al., 2014). Nevertheless, a more precise analysis
is required to account for various test variables (Krasiński & Wiszniewski, 2017).
Helical piles are non-displacement steel piles comprised of one or more helical bearing
plates affixed to a circular or square shaft. They could be installed at various depths to
derive the required capacity considering the soil condition at the planned location
(Elsherbiny & El Naggar, 2013). Helical piles offer unique advantages, including quick
installation using relatively small driving machinery, which enables installation in limited
access areas and minimum disturbance to the site with low noise and vibration. In addition,
helical piles offer instant load carrying capacity (Perko, 2009). Recently, there has been an
increase in the use of high capacity helical piles to support large compressive loads.
Therefore, dynamic load tests by an impact hammer have become an alternative system to
the conventional static pile load tests due to the difficulties associated with transporting
kentledges that are required to fully mobilized the bearing capacity of large helical piles.
Significant efforts have been dedicated to study the response of helical piles subjected to
axial static loading (Zhang, 1999; Perko, 2000; Tappenden, 2007; Sakr, 2009; El
Elsherbiny and El Naggar, 2013; Gavin et al., 2014; Elkasabgy and El Naggar, 2015).
However, the performance of helical piles under axial impact loads has received much less
attention since dynamic load tests are commonly associated with driven piles mainly
because the hammer used for the pile installation is used for the test. There is a limited
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number of studies available in the literature that investigated the performance of helical
piles subjected to the HSDT (Cannon, 2000; Beim & Luna, 2012; Benjamin White, n.d.;
and Sakr, 2013). The derived static pile capacity obtained in previous studies was in
satisfactory agreement with the static load carrying capacity.
All previous studies (Cannon, 2000; Beim & Luna, 2012; Benjamin White, n.d.; and Sakr,
2013) demonstrated that HSDT is suitable for evaluating the static capacity of helical piles
based on full-field tests. However, this conclusion was largely based on a limited number
of test data using semi-empirical methods that were developed for driven and drilled piles.
In addition, none of the previous studies examined the load transfer mechanism for helical
piles during the HSDT nor studied the influence of dynamic load tests on helical piles that
comprise multiple helices or helices of different diameter. For instance, the effect of
increasing the number of helices on the application of HSDT to helical piles has never been
investigated. Furthermore, most previous researches focused on helical piles installed in
cohesive soils, while HSDT of helical piles installed in cohesionless soils has not been
addressed appropriately. Most importantly, there is no available method to determine how
much energy is required to sufficiently displace the helical pile to fully mobilize its
capacity. Beim & Luna (2012) reported that the derived static capacity of helical piles
evaluated from the HSDT was overly conservative when compared to static load results,
because the chosen hammer weight and drop height were not sufficient to fully mobilize
the end-bearing capacity of helical piles.

1.2 Scope of the Thesis
The purpose of the current study is to investigate mathematically and numerically the
dynamic behaviour of helical piles under axial impact loads. The main objectives of the
thesis are to improve the accuracy of predicting the helical pile’s capacity using dynamic
measurements; and to aid in establishing a reliable and practical test setup for the dynamic
loading on helical piles. A mathematical model is employed to derive analytical solutions
for the force-time response generated at the pile head for both driven and helical piles.
Subsequently, the various parameters controlling the force-time response are studied.
Furthermore, the finite element software Plaxis 2D (Bentley Systems, 2019) is utilized to
perform the numerical analyses, whereby the dynamic behaviour of helical piles subjected
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to the HSDT is studied. Finally, an attempt is made to correlate the results of static and
dynamic load tests with the characteristic of the equipment used in the HSDT.

1.3 Thesis Structure
The thesis is comprised of five chapters, and they are orderly organized as follow:
Chapter 1 introduces the motivation behind this work and its scope, and describes the
thesis structure.
Chapter 2 presents a comprehensive background and literature review relevant to the
thesis topic. It discusses the concept of propagation of compression wave in piles and its
applications and the axial load testing on piles. In addition, it briefly discusses the finite
element modelling of dynamic load tests of piles and introduces the available methods for
estimating the pile’s load-settlement response based on pile-dynamic data. Furthermore,
the behaviour of helical piles subjected to both axial static and dynamic loading is
discussed. Finally, Chapter 2 summarizes the published studies regarding full-field load
tests conducted on helical piles with an emphasis on the axial dynamic load tests and
discusses where the literature has reached regarding the evaluation of helical piles response
to axial impact loading.
Chapter 3 describes the theoretical study of the dynamics of impact loads at the top of
piles by means of wave propagation theory. A relatively simple mathematical model
consisting of a hammer, a cushion, and a pile was utilized to accomplish this task. The
validation and the calibration of the analytical solutions for the hammer-cushion-pile model
based on field data obtained from various case studies found in the literature are also
discussed. Finally, the chapter explores the characteristics of hammer impact on driven and
helical piles with particular attention in estimating the impedance increases caused by the
helices of the helical pile.
Chapter 4 discusses in depth the process of modelling the SLT and the HSDT on helical
piles installed in cohesionless and cohesive soils in a 2D domain by employing the Plaxis
2D software package. The discussion includes model geometry, soil-pile interaction,
boundary conditions, modelling of impact loads, time-domain effect, and analysis
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procedures and data interpretation of dynamic measurements (i.e. force, acceleration, and
velocity measurements). Chapter 4 also describes a simple approach to derive the loaddisplacement curve form the dynamic measurements obtained during the HSDT. The finite
element models were validated against the results of two full-scale field tests. Lastly, a
parametric study was performed to investigate the influence of various geometric aspects
on the axial dynamic response of helical piles and the results are presented and discussed.
Chapter 5 provides conclusions of the study and offers recommendations for further
research.

1.4 Original Contribution of the Thesis
The principal contributions of this thesis are to:
1. Introduce a set of equations to estimate the overall impedance of helical piles.
2. Propose an empirical correlation that relates the potential energy of the hammer
with the mobilized resistance and displacement for helical and driven piles.
3. Understand the response of helical piles to axial impact loading through numerical
methods.
4. Establish guidelines for the design of effective HSDT on helical piles.
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CHAPTER TWO

BACKGROUND AND LITERATURE REVIEW

This chapter reviews and provides background information on the propagation of
compression waves in a pile subjected to an axial impact load at its head, including the
one-dimensional wave equation and its applications. It also reviews axial load testing
techniques of piles, including Dynamic Load Tests (DLT) via impact loads, such as the
High Strain Dynamic Test, the Quasi-Static Test and the Rapid Load Test, as well as the
Static Load Test (SLT). Correspondingly, the estimation of a pile’s load-settlement
response based on pile-dynamic data is described; including Pile Driving Analyzer (PDA),
Case Pile Wave Analysis Program (CAPWAP), and Pile driving formulas (i.e. dynamic
formulas).
The application of the finite element method to the analysis of piles response to DLTs,
including rapid load testing, is summarized and the assumptions and findings of previous
studies that addressed this topic are discussed. Finally, the published studies regarding fullfield load tests conducted on helical piles are summarized, with a special focus on axial
dynamic load testing. This includes a discussion of the findings with regard to evaluation
of helical piles response to axial impact loading.

Chapter 2 : Introduction
The wave equation analysis generally utilizes a mathematical model of a system consisting
of a hammer, pile and soil. It relates the pile penetration to driving stresses in order to
estimate pile capacity and driving resistance (Bostwick, 2014). The Dynamic Load Test
provides two sets of measured data: force and acceleration distribution over time. In the
analysis process, one of those sets of data is used, and the other is considered as
supernumerary information; typically, the acceleration records are considered to provide
information on pile capacity (Rausch et al., 1972). The measured force and acceleration
records are used in the wave equation analysis.
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Pochhammer (1876) derived the formulation of the wave equation for analyzing an
infinitely long cylindrical bar with a circular cross-section using stress wave propagation
(Valsamos et al., 2013). Subsequently, Cheer (1889), Love (1944), Kolsky (1963), and
Graff (1975) investigated the wave propagation in a rod. However, the concept of
implementing the wave equation to piles was introduced by Isaacs (1931). The basic form
of the stress wave propagation is the classical one-dimensional wave equation illustrated
in equation 2.1.
𝜕 2𝜔
𝜕 2𝜔
𝐸
=𝜌
𝜕𝑥 2
𝜕𝑡 2

(2.1)

In which, 𝜌 is the mass density of the material, 𝐸 is Young’s modulus, 𝜔 is displacement,
𝑥 is axial direction, and 𝑡 represents the time.

This equation was derived by considering the developed internal forces and motions in a
segment of a bar that is subjected to an impact load at one end. In the case of piles, the
surrounding soil resistance must be incorporated into equation 2.1 (Bowles, 1996). The
wave equation can be solved analytically or numerically. Analytical methods include:
separation of variables method, Laplace transform method, or method of characteristics.
Numerical approaches have been pioneered by Smith (1960), Bear and Verruijt (1987),
Bowles (1996), and Das and Ramana (2011), who provide extensive review of applications
of numerical approached to the wave equation analysis.
Isaacs (1931) proposed the adaptation of the one-dimensional wave equation to analyze
pile-hammer impact instead of pile-driving formulas to investigate pile driving resistance.
An exact solution for Isaacs formulation was proposed by Fox (1932), but was quite
complicated, and involved significant assumptions to facilitate the calculations. Smith
(1962) proposed a more simplified solution to analyze stresses and displacements for a pile
under impact by dividing the pile into a series of lumped masses, typically one meter each,
in which the elastic and the inertial properties of each discretized lumped are represented
by springs and masses. Figure 2-1 depicts the spring-mass model suggested by Smith; in
which, W, K, and K’ represent the lumped weight, internal spring (static resistance),
external spring or dashpot (dynamic resistance), respectively. Smith modelled the static
resistance by using the elastic-plastic spring and the dynamic resistance by a linear viscous
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dashpot. In general, the computation process of the stresses at each lumped mass starts by
assuming an ultimate capacity and define the characteristics and distribution of the springs
and the dashpots along the pile shaft and toe. The velocities and the displacements due to
the hammer struck at the top of the pile are then determined. The process is repeated for
successive time intervals until all lumped masses converge to their maximum downward
movement or the pile tip starts to rebound. Finally, a variety of ultimate capacities are
examined by the wave equation until achieving the best-fitted bearing graph that relates the
measured forces to the calculated forces. According to Reese et al. (2006), the wave
equation analysis provides reliable and rational results of pile capacity.

Figure 2- 1: Problem idealization of pile-soil system for wave equation analysis after
smith (1962).

2.1. Longitudinal Elastic Waves in A Bar
To illustrate the basic wave mechanics concept, consider an elastic bar with a uniform
section and properties that are identical throughout the bar, which is suddenly struck with
a load, 𝐹. The impact generates a compression wave that travels to adjacent parts of the
rod toward the end with a constant speed, 𝐶. If there is no outside resistance, the
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compression wave that has been induced at the top is reflected with the same magnitude
and shape as a tension wave at the end of the bar. The developed stresses at the section
where the compression and the tension waves cross each other are therefore zero, and the
magnitude of particles velocity is doubled. This is true only if the bar is free to move at the
end. In the instance of a fixed end bar, two opposite and equal compression waves are
developed at the end; hence, the stress magnitude at the section of interference will be
doubled and the velocity of the particles will be zero. Figure 2-2 illustrates these wave
mechanics. The reason for this phenomenon is that the compression wave and the velocity
of the particles are in the same direction, while the tension wave and the velocity of the
particles are in the opposite direction (Das, & Ramana 2011). However, the frictional
resistance of the soil will interfere; therefore, it must be taken into consideration. Typically,
the soil resistance is incorporated into the system using springs and dashpots, as mentioned
earlier.

Figure 2- 2: Wave mechanics at (A) free end bar and (B) fix end bar.
It is important to distinguish between the velocity of the propagated wave and the velocity
of the particles in the stressed section of the bar. The wave propagation velocity depends
exclusively on the material properties; whereas the particle velocity depends on the
intensity of the applied stress (Das, & Ramana 2011). In case of compression stresses, both
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velocities act in the same direction. On the other hand, if tensile stresses are developed, the
two velocities act on opposite directions. Also, at any point along a uniform elastic bar, the
wave speed remains constant, and the velocity of the particles is proportional to the force
developed at the same point (Green & Kightley, 2005).

2.2. Elastic Waves in a Pile and Static Capacity
The estimation of pile load-carrying capacity historically relied on judgment established
from empirical driving formulas or by conducting a SLT. The emergence of computer
programs that utilize the wave equation method has permitted a more reasonable estimation
of axial pile capacity at a faster rate. The input parameters for the wave equation analysis
are usually straightforward, as it only requires the properties of the pile and soil as well as
the characteristics of the driving system. The basis of applying this to pile response during
impact load is described below.
When a pile is instantaneously subjected to an axial transient load at its head, the impact
induces deformation that spreads progressively with time throughout the pile via stress
waves (Das, & Ramana 2011). The propagated waves travel to successive zones of the pile
at a constant speed. When the wave reaches the toe, its amplitude reduces due to the soil
resistance along the pile shaft (i.e. static and dynamic forces) and based on the soil
resistance at the toe, the generated reflected waves could be either tensile or compression
waves. Initially, the hammer impact generates compression waves, and if the pile toe is
located in a relatively soft soil, the reflected waves change its condition from compression
to tension waves. On the other hand, if the pile toe is driven into a stiff soil or rock stratum,
compression waves will be doubled at the reflected point (Bear & Verruijt, 1987; and
Hertlein & Davis, 2009). Those reflected waves are recorded and used in the estimation of
the total resistances, consisting of static resistance and dynamic resistance, of the soil
experienced by the pile shaft and toe (Green & Kightley, 2005).
To further understand the influence of soil resistance on the force and velocity records,
consider a pile with embedment length, 𝐿, placed in a soil that offers a minor resistance at
depth 1 and a major resistance at depth 2, and no resistance between depth 1 and 2 or
beyond. When this pile is subjected to an axial impact load, 𝐹, the measured force and
velocity waves (in force unit) will be similar to the one shown in Figure 2-3. The first
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portion of the two curves is proportional until the wave reaches to depth 1. At this instant,
the force and velocity curves deviate from each other due to the soil resistances, i.e., an
increase in the force record and a decline in the velocity record. It can be observed that the
separation is not significant; thus, it is considered to be a minor effect. Again, from depth
1 and 2, there is no significant resistance from the soil; hence, force and velocity records
remain parallel over time. At depth 2, a substantial increase in the force record and a
decrease in the velocity can be observed, which indicates a significant soil-resistant is
encountered. Finally, at the time where the waves arrived at the pile toe, the velocity
records increase, and a reduction of the force will take place. This implies that the pile toe
does not provide any resistance, in other words the pile capacity is only derived from skin
friction.

Figure 2- 3: The influence of soil resistance on the force and velocity records
measured at the pile top.
The soil resistance measured by the method discussed above is the total resistance of the
soil along the pile shaft and toe that consists of both static and dynamic resistances. Further
analysis is needed to isolate the dynamic response from total resistance (Green & Kightley,
2005). The CAse Pile Wave Analysis Program (CAPWAP) performs such separation and
provides an insight into the characteristics of the load-displacement behavior of the pile
(Rausche et al., 2000).
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2.3. Soil Parameters Used in Wave Equation Analysis
Three sets of soil-data are required to initiate the analysis by the wave equation: soil
ultimate resistant (𝑅𝑢 ), quake (𝑄), and soil damping (𝐽).

2.3.1. Soil Ultimate Resistant (𝑹𝒖 )
It is necessary to determine the ultimate resistance of the soil along the pile shaft and at its
toe either by assumption or from the soil strength parameters if known. A typical procedure
to solve this issue is to estimate the static shaft capacity and base resistance from the given
soil properties or assigning presumed values such as those suggested by Forehand and
Reese (1964) that are based on soil type and shaft to base resistance ratio (Poulos & Davis,
1980).
Table 2- 1: Allocation of soil resistance to the shaft and the base of a pile in wave
equation analysis as proposed by Forehand and Reese (1964).
Soil type
Coarse sand
Mix of sand and
gravel

Side resistant (as a % of 𝑹𝒖 )

Note

35
75 to 100

Fine sand

100

Send and clay

25

50% or more pf the pile is penetrated in sand

Silt and fine sand

40

Hard stratum exists at the pile toe

Sand and gravel

25

Hard stratum exists at the pile toe

2.3.2. Soil Quake (𝑸) and Soli Damping (𝑱)
The movement of the pile toe during the elastic behavior of the soil is denoted a soil
“quake” (Smith, 1962). It represents the maximum elastic deformation of a soil at the
maximum elastic force. Samson (1963) suggested the quake value ranges from 1.27 mm to
3.81 mm, while Chellis (1951) suggested a value of 2.54 mm. To accurately estimate the
quake value for any soil, a full-scale pile test should be conducted. Moreover, the soil
resistance along the pile shaft, in reality, will change gradually with depth, increasing to a
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maximum value at the pile end compared to the recommended empirical data by Chellis
(1951), which is assumed to have constant resistance over the whole pile length.
The soil damping parameter is used to describe the dynamic behavior and represents the
additional forces developed within the soil, which is proportional to the loading velocity.
Smith considered two values for soil damping: one for the pile tip, and the other for the
side friction of the pile. Due to the remolding effect, the damping constant (𝐽) is
predominantly concentrated around the pile toe; therefore, it is determined based on the
soil type at the pile toe (Goble et al., 1975). For saturated Ottawa sand, the damping value
ranges between 0.05 to 0.2 compared to dry sand, which approaches zero (Smith, 1962;
Forehand and Reese, 1963; Samson, 1963). Forehand and Reese indicated that the damping
constant could be between 0.4 to 1 for cohesive soil.
Lowery (1993) suggested the values presented in Table 2-2 for soil damping and quake.
However, these values should be used with care and only when more accurate data is not
available. These values are assumed initially, then iteratively modified through the
implementation of the CAse Pile Wave Analysis Program (CAPWAP). Soil damping
values will commonly follow the guidelines mentioned in Rausche et al. (1985) or in the
PDA (1996) manual and are correlated well with dynamic load tests (Vaidya, 2004).
Table 2- 2: Soil damping and quake characteristics after Lowery (1993).
Soil type

Side damping
(friction) [sec/ft]
0.05
0.1
0.2

Sand
Silt
Clay

Point Damping
(bearing) [sec/ft]
0.15
0.15
0.01

Quake [in.]
0.1
0.1
0.1

Table 2- 3: CASE damping values for different types of soil after Halder (2016).
Soil type
Clay
Silty Clay
Silts
Silty Sand
Sand

Soil damping constant
(PDI, 1996)
(Rausche et al, 1985)
0.7 or higher
0.6 to 1.1
0.4 to 0.7
0.4 to 0.7
0.25 to 0.4
0.2 to 0.45
0.15 to 0.25
0.15 to 0.3
0.1 to 0.15
0.05 to 0.2
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2.4. Axial Load Testing of Piles
Pile load testing to confirm design capacity is an integral part of a proper design process
(Poulos, 1998). It can be accomplished by static or dynamic methods. The classification of
testing methods is determined based on three factors; the imposed longitudinal wave
velocity, pile length, and the impact force duration (Holeyman, 1992). These factors are
used to compute wave number, relative wavelength, or relative duration to determine the
type of loading for the pile load test method (Holeyman, 1992; Middendorp et al., 1995;
Karkee et al., 1997), as can be seen in Figure 2-4.

Figure 2- 4: Classification of pile load test methods after Holeyman (1992).
A review of pile load tests is presented below and organized with the following aspects:
1. General definitions and testing procedures;
2. Load application methods;
3. Data acquisition and interpretation methods.

2.4.1. Static Load Test (SLT)
The Static Load Test is the most common technique to accurately determine pile capacity.
The objective of the SLT is to investigate the load-deformation behavior of a pile in order
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to confirm that the pile can sustain the expected forces. The test standard procedures and
guidelines are specified by the standard ASTM D1143 (ASTM, 2013) which allows for
several SLT procedures to be conducted on piles. These procedures are the Quick Test, the
Maintained Test, the Loading in Excess of Maintained Test, the Constant Time Interval
Test, the Constant Rate of Penetration Test, the Constant Movement Increment Test, and
the Cyclic Loading Test. The major difference among these procedures is the manner in
which the load is applied and the time of application.
Generally, several piles are installed around the tested pile to act as reaction piles. A rigid
beam is mounted crosswise on the tested pile and securely connected to the reaction piles.
The applied loads are then transmitted to the pile through a large-capacity jack placed
between the rigid beam and the tested pile. The loads are recorded using a load cell, and
the corresponding vertical displacements are measured by dial gauges. Figure 2-5 depicts
a schematic set-up for the SLT. A plot of vertical pile loads against vertical pile head
displacements is generated, which is then used to determine the ultimate load capacity of
the tested pile using a suitable criterion. Commonly, the ultimate load capacity is taken as
the point where the settlement increases significantly with a small increase of applied load
(plunging failure). Alternatively, it may be taken as the load corresponding to a prescribed
settlement value, for instance, 25 mm. Some building codes specify a required procedure
to follow in the estimation of the ultimate pile capacity from pile load tests. The most
widely adopted method in North America is the Davisson Offset Limit (Davisson, 1972),
and it is commonly used in practice (Das, 2010).
The SLT is a reliable and feasible for piles with low or moderate in capacity. However, for
piles with high capacity, it is requires building a large reaction system to execute the test
appropriately, which is very expensive. In this case, dynamic load tests are commonly
employed with a minimum cost to estimate the pile capacities.
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Figure 2- 5: Schematic view of the Static load test after ASTM (2013).

2.4.2. Dynamic Testing of Piles Via Impact Loading
The pile dynamic load test (DLT) via an impact load is an alternative to the SLT for
predicting pile behavior. It requires comprehensive knowledge of wave propagation, soil
mechanics, and understanding of input and output parameters to provide good predictions
of pile capacity. When performing the DLT, a pile is subjected to a compressive force by
means of dropping a hammer or a reaction mass. The subsequent strain and acceleration
responses at the pile top could be measured by the Pile Driving Analyzer (PDA). A pair of
strain gauges and accelerometers are affixed at the pile head. A schematic diagram of the
test apparatus is shown in Figure 2-6. The test is specified under the standard designation
ASTM D4945, which stipulates several procedures to perform the test. The applied impact
load must have the ability to initiate a force capable of causing the pile to move sufficiently
or can make the resistance of the pile to be fully mobilized. A verity of standard testing
procedures and methods for interpretation of data have emerged. Dynamic testing of piles
could be performed for a variety of reasons, including:
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1. To determine the static pile capacity and to establish a load-settlement curve with
relatively cheap cost and quick implementation. Several piles can be tested over a
short period compared to the SLT.
2. To estimate the maximum kinetic energy delivered from a hammer and its rating
for energy output.
3. To determine the maximum axial compression stresses for driving purposes.
4. To investigate pile integrity and structural defects.

Figure 2- 6: Schematic diagram for dynamic mentoring of deep foundations after
ASTM (2013).
Interpretation of the DLT results is accomplished either from using direct or indirect
approaches. In the direct approach, the analysis is applied to the measured data obtained
from a single load impact where a simple soil-pile model is considered to estimate pile
capacity (Hertlein & Davis, 2006). The Case Method adapted by the PDA is an example
of the direct approach. The indirect approach utilizes a signal matching software such as
CAPWAP, TNOWAVE (TNO, 1996) and SIMBAT (Borgman et al., 1993) to perform the
analysis on the measured data obtained from the impact of one or multiple blows. The Case
method and the CAPWAP method are mostly applied to analyze dynamic measurements
in practice, and both are developed based on one-dimensional wave propagation theory
(Halder, 2016).
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2.4.3. Types of Dynamic Testing
In general, there are three types of testing available: Quasi-Static test, High Strain
Dynamic Test (HSDT), and Rapid load test.
2.4.3.1.

Quasi-Static testing method

In this test, the impact force is applied for a relatively long period by dropping a weight or
a heavy hammer, generally last for about 100 to 250 milliseconds (Lewis, 1999). According
to Middendorp et al. (1992), the falling mass should have a weight between 5% to 10% of
the expected capacity of the tested pile. The Quasi-Static testing method is also known as
the Pseudo-Static pile load test (Gonin et al., 1984; & Schellingerhout et al., 1996). The
STATNAMIC (Janes et al., 1991) test uses a reaction mass instead of a falling mass.
2.4.3.2.

High Strain Dynamic Test (HSDT)

If the impact load duration is between 5 and 20 milliseconds, the test is no longer
considered as a Quasi-Static test; instead, it is considered a High Strain Dynamic Test
(HSDT). For decades, HSDT has been utilized in the field to investigate the bearing
capacity of deep foundations in both onshore and offshore industries. It is accomplished by
a dropping weight of about 1% to 2% of the ultimate pile capacity (Holeyman, 1992). After
conducting the test, the resultant measurements per blow is analyzed using a pile dynamic
formula to evaluate the pile capacity. However, this solution has a low dependability, and
its results vary by a significant margin (Hannigan et al., 1996). There are two possible ways
to conduct the test, either at the End Of Driving (EOD) or at the Beginning Of Re-Strike
(BOR). Because of soil set-up and relaxation phenomena, the latter is usually implemented
for accuracy in the installed pile after an adequate time has been passed.

Figure 2- 7: Comparison between different types of pile load testing.
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2.4.3.3.

Rapid Load Test (STATNAMIC)

This method is derived based on Newton’s second and third laws of motion. The test has
been standardized by ASTM, under the designation D7383 – 10. According to ASTM,
there are two procedures to execute the test: Procedure (A) utilizes a combustion gas
pressure gear to initiate a force pulse; and Procedure (B) where a dropped mass with a soft
cushion is used to replace the gas apparatus. Figure 2-8 shows the typical components and
setup of this testing method. The STATNAMIC has been categorized as a test that is longer
than the HSDT and faster than the SLT in terms of loading duration. The analysis of the
test results can be simplified by combining the analysis of static and dynamic tests with
relatively lower cost but at similar efficiency (Hannigan et al. 2006).

Figure 2- 8: Rapid Load Test (TN) component and setup after Briaud et al. (2000).
Since the rapid load test generates an acceleration of the complete pile mass, Middendorp
et al. (1992), Kato et al. (1998,) and Deeks and Randolph (1993) proposed the use of a
concentrated mass model to analyze the measured data. Later, Nishimura et al. (1995),
Ochiai et al. (1997), Van Foeken et al. (2000) confirmed the eligibility of the wave
propagation analysis in interpreting the result of the rapid load test. El Naggar and
Baldinelli (2000) interpreted the STATNAMIC load test data by adopting an automatic
signal matching technique (AMT). In this method, the pile-soil model parameters are
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adjusted within specified ranges until an acceptable agreement is achieved between the
measured and the computed response. El Naggar & Baldinelli (2000) demonstrated the
applicability of the approach by analyzing STATNAMIC tests on six piles to determine
their capacity and static load-displacement relationship.

2.4.4. Characteristics of Pile Load Tests
The purpose of pile load tests is to determine the performance of a pile when subjected to
a working load. SLT provides the most reliable and accurate result, but it is time consuming
could be costly. On the other hand, DLT is faster and cheaper than the SLT, and it gives a
reasonable estimate of the pile capacity. Thus, the testing technique should be selected with
due consideration of the size of the project, the number of piles to be tested, available time,
cost, and regulations. Table 2-4 summarizes the major characteristics of different pile load
tests (Holscher & Van, 2008).
Table 2- 4: Characteristic of pile load tests after Holscher & Van (2008).
Characteristic

Type of test
Dynamic

Rapid

Static

7 milliseconds

100 milliseconds

16 hours

8

2

1

1% to 2%

5% to 10%

100% to 200%

Time for the interpretation of data

4 hours

10 minutes

Directly

Piles exhibit tension stresses

Probable

No

No

Yes

Yes

Yes

Static and Dynamic

Static and Dynamic

Only dynamic

Occurs

Occurs

Absent

Reasonable

Yet, unclear

Most reliable

Load duration
Tested piles per set
Dropped weight or reaction mass
size (as a % of the pile ultimate
capacity)

Testing Prefabricated piles and
screw piles
Stress experienced by the soil
Pore-water pressure in sand
Reliability
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2.4.5. Reliability of Dynamic Load Tests
The reliability of HSDT as a pile load testing method and as a means of estimating static
pile capacity has been rigorously investigated through comparisons between static and
dynamic tests (Likins, 2004). Many researchers reported good agreement between pile
ultimate axial capacity obtained from the SLT and DLT (Likins & Rausche, 2004: Vaidya,
2006; Long et al., 2009; Basarkar et al., 2011; and Rajagopal et al., 2012). The reliability
of the test lies mainly on the input parameters and engineer’s experience. Inappropriate
pile-soil model results in inaccurate results and cannot represent the actual soil response.
Therefore, a proper procedure of data inspection and software application is required to
check the outcomes before a final judgment is made.

2.4.6. Pile Movement Versus Developed Capacity
The load required to sufficiently move the pile and mobilize the soil resistance is essential
in dynamic load tests. Das (2008) indicates that the pile shaft resistance is fully mobilized
when the pile moves 5 to 10 mm irrespective of its size or length, while the tip capacity
will be mobilized when the pile has displaced approximately 10 to 25% of its diameter.
Figure 2-9 elaborates on this mechanism graphically. Generally, a penetration equal to the
elastic deflection is considered sufficient enough to mobilize the shaft resistance in contrast
to the tip resistance which needs a considerably higher downward movement (Crowther,
1988). Brom (1978) stated that soil type and pile diameter influence the full development
of shaft and toe resistance. He noted that small diameter piles reached its maximum tip
resistance at a lower pile movement compared to large diameter piles; and piles installed
in clay exhibit reduced shearing resistance compared to sand after reaching the maximum
value. The Federal Highway Administration (FHWA) stipulates that the failure load for
drilled piles corresponds to a total settlement equal to 5% of the diameter (Neill & Reese,
1999). Livneh and El Naggar (2008) had defined that the failure load for helical piles
occurred when the movement of the pile exceeded the elastic deformation plus 8% of the
largest helix diameter if more than one is affixed to the central shaft.
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Figure 2- 9: Relative pile movement in relation to soil after Brom (1978).

2.4.7. Static Capacity of Axially Loaded Piles Based on Dynamic
Measurements
Two basic methods are available to estimate the static capacity of piles based on dynamic
measurements: pile driving formulas and the wave equation. The former methods are
formulated based on the work done during pile driving installation, while the latter is based
on the propagation of compression stress wave throughout the pile. A brief coverage of
those methods is presented herein.
2.4.7.1.

Pile Driving Formulas (Dynamic Formulas)

Dynamic formulas are used to predict pile capacity during driving and are commonly
adopted since the early 1900s (Likins et al. 2012). The formulas were developed based on
penetration per hammer blow and potential energy equilibrium. They relate the energy
transformed from the collision of a hammer at the pile head to a specific displacement of
the soil (Long et al. 2009). In addition, these formulas can correlate the results obtained
from an impact of a hammer to the pile’s static capacity by assuming that the load capacity
under normal static loads is equivalent to the driving resistance (Salgado, 2017). A set of
equations formulated either empirically or theoretically through the years with a varying
degree of reliability are available in the literature, some of which are presented in Table 25. Bowles (1996) and Long et al. (2009) provide detailed discussion of these equations.
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The reliability of pile driving formulas varies significantly; nevertheless, engineers in
practice implement those formulas because of their simplicity and fast application in pile
design. In some cases, the factor of safety in pile design employing pile driving formulas
are far from the accepted values or may lead to excessive settlement beyond the tolerable
values. Extreme caution and practical experience are required to overcome such defects.
Long et al. (1999) conducted a study to compare the predicted capacity by dynamic
formulas and measured capacity by SLT. They concluded that relatively old methods were
less accurate with a considerable discrepancy compared to the more sophisticated modern
methods, in consistence with Terzaghi (1943).
Table 2- 5: List of dynamic formulas.
Name of the formula
Modified Engineering
News Formula (EN)
The Gates Formula

Equation

Remarks
2

𝑄𝑢 =

𝑒ℎ 𝐸ℎ 𝑊 + 𝑛 𝑤
𝑠+𝑐 𝑊+𝑤

6
𝑄𝑢 = ( ) √𝑒ℎ 𝐸𝑟 log(10𝑁𝑏 )
7

c is 1.0 for drop hammers
or 0.1 for steam hammers.
𝑒ℎ is considered as 75% for
drop hammers and 85% for
all others.

The FHWA Gates formula

𝑄𝑢 = 1.75 √𝐸𝑑 log(10𝑁𝑏 ) − 100

Reduced the tendency to
underestimate capacity

Janbu

𝑄𝑢 =

𝑒ℎ 𝐸ℎ
𝐾𝑢 𝑠

𝐶𝑑 = 0.25 + 0.15
𝐾𝑢 = 𝐶𝑑 (1 + √1 +

𝜆=

𝑤
𝑊
𝜆
)
𝐶𝑑

𝑒ℎ 𝐸ℎ 𝐿
𝐴𝐸𝑠 2

Symbols in formula equations: Qu = predicted pile capacity. 𝑒ℎ = hammer efficiency; 𝐸ℎ , 𝐸𝑑 , and 𝐸𝑟 =
manufacturer’s hammer energy, developed hammer energy, and theoretical delivered energy,
respectively. s = observed pile set. W = weight of the ram (in kN). w = weight of the pile (in kN). L =
pile length. A = pile’s cross-sectional area. E = Young’s modulus of the pile material. 𝑁𝑏 = number of
blows per one unit of pile penetration.

The limitations of pile driving formulas are:
1. Soil and pile types are not considered in the existing equations, and their reliability
in predicting pile capacity is questionable (Salgado, 2017).
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2. They do not address the hammer-soil model accurately due to neglecting test
accessories such as pile cap, and cushion. The equations do not actually account for
soil parameters in the calculation (Long et al. 2009).
3. The pile is assumed to be rigid, overlooking the axial stiffness of the pile during
driving (Hannigan et al. 1998).
4. They do not accurately reflect the true dynamic response of piles and do not have
the capability of predicting stresses generated in piles (Lowery, 1993).
5. They are empirical and their accuracy varies considerably (El Naggar & Novak,
1992).
6. They do not compute compressive and tensile stresses and have a lower
representation of the hammer-pile-soil system (Edde, 1991).
To overcome these limitations, the pile capacity is estimated from dynamic test methods
by accommodating the wave equation concept in which the compression stress wave in a
pile is examined rather than the potential energy equilibrium and pile penetration concept.

2.4.7.2.

Pile Driving Analyzer (PDA)

The Pile Driving Analyzer (PDA) is used with the High Strain Dynamic Test. It comprises
a computer-based program for data acquisition and analysis at the field utilizing a simple
procedure defined following the Case method (Goble et al., 1970). It has been developed
and implemented in design and monitoring of piles by Globes (1964). This system has been
extensively employed along with the HSDT and pile integrity tests. The PDA can evaluate
the bearing capacity of piles, assess pile integrity, calculate driving stresses, and determine
hammer performance. It also offers a real-time display of measured signals, calculation of
results, and provides more options that can be viewed instantaneously.
The analog strain and acceleration signals are converted by the PDA into force and velocity
records plotted against time. Then, a fundamental dynamic model (e.g. Case model) is used
to estimate static pile capacity. Alternative versions of Case methods were developed but
yield different pile static capacity values for the same pile (Long et al., 2009). Nevertheless,
this procedure is considered as preliminary field results and further analysis is required to
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determine the static capacity of the test pile. The signal matching program (CAPWAP) is
applied for such an analysis to correlate the dynamic to static capacity result.
The minimum number of sensors required by the PDA are four; two strain gauges and two
accelerometers. The two accelerometers data are typically compared with each other in
order to verify the eligibility of the measured data. The PDA gives the data in curve
formats, and if the velocity curves obtained from the two accelerometers are in close
proximity to each other or coincide, the data is reliable and can be accepted. Also, the force
curves should not be significantly reduced below the x-axis at the end of the recording
period nor significantly higher than the x-axis as this could indicate either sensors are
mounted wrongly or due to damage of pile head (Likins et al., 2000; and Vaidya 2004).
Likins et al. (2000) further explained the proportionality of the resultant curves between
force and velocity. They indicated that the first portion of the two curves should
approximately coincide. No proportionality may reveal that pile material is of poor quality,
particularly for concrete piles, or sensor location is not appropriately selected. In addition,
the non-uniformity of the pile section will cause the two curves to be diverted;
consequently, a non-perfectly match will be observed (Likins et al., 2000).
2.4.7.3.

The Case Method

The Case method employs a closed-form solution to assess the pile capacity based on the
travelling wave (Hertlein & Davis, 2007). It is implemented widely with HSDT because it
offers simple calculation formula. The pile is assumed to be uniform and deform elastically,
and the soil is considered to behave as a perfectly plastic medium (Paikowsky, 2002). The
resistance is divided into two components static and dynamic. The dynamic resistance is
derived from the pile bottom velocity and a damping coefficient, which must be subtracted
from the total resistance to obtain the pile static axial capacity (Yan et al., 2011). Three
main factors need to be investigated prior to making a final judgment regarding the
predicted resistance of the pile-soil model: the soil resistance and sensitivity and the
damping coefficient (Paikowsky, 2002). An appropriate value of damping coefficient is
selected based on the soil type at the pile toe. It is suggested to conduct a site-specific test
to confirm the selected values or to appropriately determine new values.
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2.4.7.4.

Case Pile Wave Analysis Program (CAPWAP)

The CAPWAP is a computer program developed in 1970. It executes the analysis based on
the concept of stress wave propagation with signal matching techniques to find a reasonable
solution that includes both total and static soil resistance, damping coefficients, and soil
stiffnesses. The unknown variables are iteratively calculated by tracing either the measured
travelling wave or force and velocity measurement. Several data are needed to correctly
initiate the calculation process and reasonably predict pile capacity. These data are the pilesoil model (similar to Smith’ model) and the strain and acceleration obtained from the
PDA. Other dynamic properties, for instance, soil quack, damping coefficient, and soil
resistance, are calculated within the program once the analysis is in progress. Several
studies have indicated that CAPWAP analysis results are in a good agreement with SLT
(Likins & Rausche, 2004; and Green & Kightley, 2005).

2.5. Numerical Modelling of Dynamic Pile Load Tests
There are two main numerical methods for the analysis of pile response to impact loading:
the continuum approach or the Winkler based model. In the Winkler model, the pile is
discretized into segments while the soil is treated as a series of springs and dashpots to
simulate its static and dynamic response. The Winkler approach has been widely used, and
its suitability to predict load-deflection behavior of the pile-soil model has been proven
(Smith, 1960; Nogami & Konagai 1987; El Naggar & Novak, 1992, 1994; Long et al.,
2009). No further discussion will be made relating to this method since it is well
documented in the literature. Instead, a concentration toward the finite element analysis
method will be considered in the succeeding sections.

2.5.1. Finite Element Modelling (FEM) of Pile Load Tests
The pile-soil model in finite element analysis is discretized into several elements connected
by nodes with given properties. The interface between the pile and the soil, energy
dissipation, nonlinear behavior of the soil, and boundaries can be easily considered in FEM.
The numerical analysis is usually performed along with real filed data to understand the
pile-soil behavior and to improve the interpretation of the results through modifications or
correlations. The FEM has provided a reasonable solution to many complicated situations
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in simulating pile load tests; nevertheless, more precise analysis is required to account for
various test variables (Krasiński & Wiszniewski, 2017). Moreover, limited information is
available concerning modelling pile dynamic load tests and its associated computation in
the literature.

2.5.2. Comparison of Signal Matching Analysis and FEM
Several studies investigated the dynamic response of piles subjected to an axial impulse
load and simulated soil conditions accurately by adopting continuum analysis (Nath, 1990;
Mabsout and Tassoulas, 1994). Similarly, Liao and Rosset (1997) and Mahutka et al.
(2006) used one-dimensional (1D) wave equation model (based on Smith's (1960)) and a
three-dimensional (3D) FEM to investigate the dynamic response of piles exposed to an
axial impulse load. All have reported generally good agreement between results obtained
from the 1D wave equation and 3D FEM analyses. However, these studies have not
compared their finding with actual load tests, and mostly focused on damping issues in
numerical modelling. Feizee (2008) conducted FEM for an actual pile driven in sandy
deposits. He adjusted the soil parameters in order to match the recorded data provided by
the PDA. Initially, the measured and the computed forces at the pile toe differed. He then
adjusted the elastic modulus of the soil layer at the toe and achieved a good match.
Fakharian et al. (2014) carried out a comparative study between the results obtained from
CAPWAP signal matching analysis on two conditions, EOD and BOR, and the results from
finite difference and finite element analyses. Eight concrete piles were driven and
dynamically tested by using the PDA. The numerical analyses were performed by FLAC2D and Plaxis 2D. Non-linear axisymmetric condition was adopted in all analyses, and the
soil was modeled as an elastic perfectly plastic material with Mohr-Coulomb criterion.
Undrained and drained soil parameters were considered for EOD and BOR, respectively.
The results of their study regarding the BOR condition were successful. The predicted loaddeformation behavior of the piles using continuum models were close enough to the SLT,
and it can be accomplished using conventional soil parameters, unlike the Winkler based
models. Moreover, Fakharian et al. confirmed the work of Feizee (2008) concerning the
increase of the elastic modulus at the base layer to enable a good correlation between
measured and computed force waves.
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Naveen et al. (2014) performed FEM simulation using Plaxis 2D to establish the loaddeflection curve for piles in residual soil and compared it against the load-deflection curve
derived from the CAPWAP. The soil medium consisted of two clay layers, underlain by a
soft-weathered rock. The top layer behaved was simulated by Mohr-Coulomb criterion
while the bottom layer was modelled using the soil hardening model. An axisymmetric
model with 15-nodes triangular elements was established. The pile-soil interface was
modelled as an elastic-plastic condition. The bottom boundary was fixed while the side
boundaries were modeled as a roller, permitting only vertical movements. Their results
showed good agreement between the load-displacement curves obtained from the
CAPWAP and Plaxis 2D. They recommended further study to investigate different aspects
of the dynamic load tests used for predicting the ultimate pile capacity.

2.5.3. Analysis of Piles Subjected to STATNAMIC Test
Matsumoto (1998) utilized a finite element model to explain the characteristic of soil
deformation and the behavior of an open-ended steel pile during a STATNAMIC load test.
The calculated responses were comparable to the observed behavior during the actual test.
Horikoshi et al. (1998) also modelled the STATNAMIC test using finite element
considering the soil to be linearly elastic, and the pile-soil interaction is modelled using
joint elements to represent the slip failure mechanism. They established a reduction factor
that allowed the soil to undergo very high strain. Their analysis involved the following
steps: determining soil properties through field and laboratory testing; evaluating shear
modulus from pre-existing P-S wave log or a seismic cone penetration test; applying a
reduction factor to reduce the pre-used shear modulus and repeat the analysis until an
agreement between the measured and the calculated pile response is achieved. Bakker et
al. (2000), Huy (2010) and Bak (2013) investigated the suitability of 2D and 3D modelling
of pile load tests and they concluded their suitability.
Van & Boonyatee (2014) suggested that FEM is more suitable the analysis of
STATNAMIC load test on driven piles than the unloading point method (UPM) suggested
by Middendorp et al. (1992). However, they cautioned that damping constant should be
similar to the value estimated from the UPM, velocity and acceleration measurement
should be reduced to 80% if the peak of the rapid load was less than the calculated
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maximum static capacity of the pile, and an additional soil mass should also be considered
in the UPM to account for the soil movement around the pile (Van & Boonyatee, 2014).
They considered damping values of 0.65 and 0.50 form shaft and toe, and soil quake was
presumed to be 2.54 mm.

2.6. Axial Load Testing on Helical Piles
Helical piles are used for rehabilitation of existing structures and supporting new ones.
With the advent of powerful drive heads, helical piles of large diameter have become a
viable option for supporting heavy axial loads in many geotechnical applications. This
requires ascertaining their load carrying capacity. This section discusses axial load tests
performed on helical piles including both static and dynamic with the focus on the latter,
and identifies the gap in the literature concerning evaluating the response of helical piles
to dynamic load tests.

2.6.1. Overview
A helical pile is made of one or more helical bearing plates affixed to a circular or squared
shaft as shown in Figure 2-10. Helical piles are installed using a rotary hydraulic head that
generates a torque force capable of pushing the pile into the ground. They could be installed
at various depths and angles with proper design of the pile section and using a suitable
drive head (Elsherbiny & El Naggar, 2013). Helical piles industry has been growing
exponentially in the last decades due the fast installation process and efficient use of
material to maximize the pile capacity (Perko, 2009).
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Figure 2- 10: Basic helical pile component after Perko (2009).
The axial static capacity of helical piles has been the subject of several investigations
(Zhang, 1999; Perko, 2000; Tappenden, 2007; Sakr, 2009; Elsherbiny and El Naggar, 2013;
Gavin et al., 2014). The static capacity is determined by considering two recognized
methods: the cylindrical shear method or the individual plate bearing method. The
application of either method depends on the spacing to helix diameter ratio. For instance,
the helix acts independently if the spacing between them compared to their diameter is
large, and vice versa. Figure 2-11 illustrates the failure mechanisms considered in these
methods.
The axial capacity based on cylindrical shear method is derived from the bearing resistance
offered by the bottom helix and friction resistance along the cylinder formed in-between
the helixes, plus shaft friction above the top helix. For the individual plate bearing method,
the static resistance is established based on shear stresses along the shaft and the pressure
developed on the underside of each helix, which is assumed to be uniform. A detailed
formulation and design process for the cylindrical shear method and the individual plate
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bearing method for both piles installed in sand and clay is discussed by Elsherbiny and El
Naggar (2013).

Figure 2- 11, Failure mechanism of helical piles; (A) individual plate bearing
method, and (B) cylindrical shear method.
The axial compression capacity of helical piles is commonly estimated using empirical
correlations referred to as Capacity to Torque Correlations (CTC). The approach relies
mainly on measuring the applied torque during installation to verify the helical pile static
capacity employing the CTC. This approach allows prediction of pile capacity immediately
during installation and provides a means for quality control of pile installation (Livneh and
El Naggar, 2008). However, the accuracy of CTC in predicting pile capacity is affected by
the number and spacing of helices, the existence of hard stratum, and pore water pressure
generation during installation (Perko, 2009).
The standard SLT and loading procedures for helical piles are same as other piles, and it is
usually performed in accordance with ASTM D1143 / D1143M. Results of full-scale
loading test conducted on helical piles installed in both sand and clay are widely reported
in the literature (e.g. Zhang, 1999; El Naggar, 2004; Livneh & El Naggar, 2008; Beim &
Luna, 2012, Harnish & El Naggar, 2017).
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2.6.2. Helical Piles Response to Impact Loading
SLT for large diameter helical piles could requires significant time, and in some cases,
would be prohibitively expensive. Thus, dynamic load testing is growing in popularity for
large capacity helical piles. The available information regarding dynamic load testing of
helical piles is limited to date compared to driven piles. The application of dynamic load
tests on helical piles was first investigated by Cannon (2000), who reported several projects
where the pile capacity is evaluated from the HSDT along with PDA and CAPWAP
analysis. HSDT were successfully applied on a range of helical pile size and depth installed
in various ground conditions. He reported that for small shaft diameter, the test is limited
by the shaft stresses or the yield strength of the steel instead of the geotechnical pile
capacity. In these situations, the test has been terminated due to the high dynamic stresses
developed in the shaft prior to reaching the ultimate pile capacity. Additionally, the
geotechnical resistance could not be mobilized even with large permanent sets. Cannon
suggested that the helix should not be modelled in the CAPWAP analysis because the stress
waves at the location of the helix undergoes a quick rise on the shaft impedance over a
small segment for a short instant. However, the point resistance offered by the helix must
be modelled with a low stiffness (Cannon, 2000).
Beim & Luna (2012) conducted HSDT on helical piles with three helices installed in clay
using a dropping hammer. The load was applied with few blows using 1.34 kN hammer
released from a height of 0.9 m. The PDA with the Case method was utilized to collect
force and acceleration data and to perform the analysis. They also used the CAPWAP based
only on the highest energy delivered by the blows. The soil static and dynamic parameters
were established based on the analysis results. In order to obtain a good match between the
load-displacement curve originated from SLT and the curve computed from the CAPWAP,
a radiation damping model was adopted as suggested by Likins et al. (1996). They reported
that the pile capacity interpreted by the Davisson criterion from SLT results agreed well
with the results obtained from HSDT. Nevertheless, the HSDT results were overly
conservative owing to the insufficiency of the applied set per blow, i.e. applied energy was
not enough to fully mobilize the capacity. Accordingly, failure loads determined from SLT
were much higher than the values derived from the HSDT using the CAPWAP analysis.
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Consequently, Beim & Luna recommended a minimum set per blow of 2.5 mm or more
should be achieved. However, they modelled the pile as a uniform rod and ignored the
increase in the impedance induced by the helices. Moreover, they used a reduction damping
model for the shaft resistance and slacks at the joint between segments in the modelling
process in order to obtain results that match the static load results. These assumptions may
work for the soil at the studied site but certainly not for all soils. Therefore, more
investigations are needed to establish at least a broader solution to accumulate various types
of soil conditions.
Benjamin White (GLE engineering, Inc.) performed HSDT on a helical pile with double
helices installed in sand underlain by stiff to hard clay. He derived load-deflection curves
for the measured velocity and force data resulting from several hammer impacts. The
overall curve was established based on tracing the corresponding set of each curve
generated from multiple impacts, unlike Beim & Luna (2012) study where the helical pile
capacity was considered to be mostly from shaft resistance, and only the highest energy
impact was analyzed. The main findings from this study were;
1. The load-settlement curves derived from HSDT corresponded well with the
anticipated results based on the theoretical calculations.
2. All principles and limitations of dynamic load test applied to driven or drilled piles
are applicable to helical piles.
3. If the impact produces a small permanent set (less than 2.5 mm), it is possible that
the resistance of the soil was not fully mobilized; therefore, the estimated capacity
should be considered as a lower bound.
4. Duration of impact may have a significant effect on the results. Its effect can be
observed only if two tests are conducted with two impact durations.
Sakr (2013) conducted a comparison study between the axial load-bearing behavior of
helical piles in cohesive soil obtained using both HSDT and SLT. The HSDT was
performed on helical piles with a single and double helix. In the measured HSDT data, the
force and the velocity impedance coincided at the beginning and then diverged similarly to
the commonly noticed behavior in driven piles. However, a significant deviation has been
observed between velocity records and force-time history around the toe, with an evident
second peak on the velocity records. He attributed this behavior to the reflected waves
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caused by the helix. Sakr (2013) reported that the load-displacement curves obtained from
CAPWAP analysis agreed well with those originated from the SLT. Finally, he reported
that the calculated soil quakes for the shaft were similar to the values provided by the
CAPWAP same as proposed for driven piles. For the base quake, however, the calculated
values were significantly higher than the computed values using CAPWAP analyses
compared to driven piles. This was attributed to the large end-bearing of the helical pile
not being fully mobilized.

2.6.3. Shortcomings of Preceding Studies
All previous studies demonstrated that HSDT is a suitable tool for evaluating the static
capacity of helical piles. However, this observation was based on a limited number of test
data. Consequently, a more comprehensive examination of a larger database is required to
strongly confirm and support this observation and to establish a set of parameters (i.e. soil
quake, shaft and toe damping factors, and CAPWAP pile-soil model) explicitly specified
for helical piles. In addition, none of the previous studies examined the response of helical
piles to an impact load using FEM, nor studied the influence of dynamic load tests on
helical piles that consist of different helix sizes and number in the same soil conditions.
For instance, the effect of the number of helices on the application of HSDT to helical piles
needs to be investigated. Also, most reported researches investigated helical piles installed
in cohesive soils, not cohesionless soils. Furthermore, the influence of the helices on the
measured dynamic data needs to be carefully evaluated.
Most importantly, there is a need to accurately evaluate how much energy is required to
sufficiently displace the helical pile to a position where its capacity has been fully
mobilized. Beim & Luna (2012) reported that some helical piles had shown conservative
dynamic load test results when compared to static load results because the chosen hammer
weight and drop height were not enough to fully mobilize the end-bearing capacity of
helical piles. This underscores the need for a methodology for selecting the proper hammer
weight and falling height to fully mobilize the pile capacity with compromising its
structural integrity.
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CHAPTER THREE

ANALYTICAL MODELLING OF IMPACT FORCETIME RESPONSE GENERATED FROM HIGH
STRAIN DYNAMIC LOAD TEST ON DRIVEN AND
HELICAL PILES

Chapter 3 : Introduction
Pile load testing is used to determine pile capacity and provides quality control of
installation (Poulos, 1998). It can be accomplished by static or dynamic loading methods.
The Static Load Test (SLT) is the most common technique to accurately determine the pile
capacity, but it is time consuming, and for large capacity piles, could be prohibitively
expensive. Alternatively, the pile could be tested dynamically via an impact load at its
head, which offers faster implementation and potentially reduced cost. In general, there are
three types of testing available: High Strain Dynamic Test (HSDT), Quasi-Static testing
methods and Rapid load test.
In HSDT, a pile is subjected to an axial compressive force by means of dropping a hammer
or a reaction mass. The subsequent strain and acceleration responses at the pile top are
measured employing a pair of strain gauges and accelerometers affixed at the pile head.
The HSDT is designated by American Society for Testing and Materials (ASTM) as D4945
(ASTM, 2013). This standard specifies several procedures to perform the test. In all
procedures, the impact mass must have the ability to initiate a force capable of causing the
pile to move sufficiently in order to mobilize the pile capacity fully. A verity of testing
procedures and methods for interpretation of test data are used in practice.
Interpretation of the dynamic load test can be accomplished using either direct or indirect
methods. In the direct approach, the measured data obtained from a single load impact is
analyzed employing a simplified soil-pile model to estimate pile capacity (Hertlein &
Davis, 2006). Case method (GRL Engineers, Inc., 1997) adopted by the Pile Driving
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Analyzer is an example of the direct method. The indirect approach utilizes signal matching
software such as CAPWAP (Pile Dynamics, Inc., n.d.), TNOWAVE (TNO, 1996), and
SIMBAT (Borgman et al., 1993) to perform the analysis on the measured data due to the
impact of one or multiple blows. The CAPWAP method is mostly applied to analyze
displacement piles in practice and is developed based on the one-dimensional wave
propagation theory (Halder, 2016).
The HSDT is widely used to investigate the load carrying capacity of piles. In this method,
the impact force is maintained for a duration of about 5 to 20 milliseconds and is
accomplished by a dropping weight of about 1% to 2% of the ultimate pile capacity
(Holeyman, 1992). The test is conducted at the end of driving (EOD), or at beginning of
re-strike (BOR). Because of soil set-up and relaxation phenomena, the latter is usually
implemented for accuracy (Hussein, 1993). After conducting the test, the measured set per
blow is substituted in a dynamic pile formula to calculate the pile capacity. However, this
solution may not be reliable and the estimated pile capacity may vary by a significant
margin (Hannigan et al., 1996).
Likins and Rausche (2004) summarized several studies that investigated the HSDT as a
means for estimating static pile capacity and confirmed its reliability. In addition, several
researchers reported a good agreement between the pile capacity values obtained from the
SLT and HSDT (Vaidya, 2006; Long et al., 2009; Basarkar et al., 2011 and Rajagopal et
al., 2012). However, the reliability of the interpretation of the test data relies mainly on the
input parameters and engineer’s experience. Therefore, a proper procedure for data
inspection and software application is required to check the outcomes before a final
judgment is made.
Typically, the SLT and torque-capacity correlations are adapted to determine the helical
pile capacity. Nevertheless, the SLT is costly and time consuming, and torque-capacity
correlations are empirical and approximate at best. Therefore, dynamic load testing on the
helical pile is becoming a viable alternative to the SLT. However, the available information
regarding the application of dynamic load test on helical piles is limited. A few studies
have demonstrated that the dynamic load test could be a suitable tool to evaluate the static
capacity of helical piles (Cannon, 2000; Beim & Luna, 2012; and Sakr, 2013). However,
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this finding was derived based on a limited number of tests involving limited configurations
of helical piles and using interpretation methods that were established for driven and drilled
piles. Therefore, a more comprehensive examination is required to ascertain suitability of
dynamic load testing to helical piles, and to explore the characteristics of hammer impact
on helical piles, evaluate the effect of helices on the pile mechanical impedance and
establish the necessary parameters for appropriate models to interpret HSDT on helical
piles.
A mathematical model developed by Deeks and Randolph (1993), denoted here as the DR model, is employed to analytically predict the force-time response at the head of a pile
during the HSDT. The model considers a hammer, a cushion and a pile. The applicability
of D-R model to HSDT is verified employing seven case studies involving driven and
bored piles subjected to dynamic load tests using the PDA. The model is employed to
explore the characteristics of hammer impact on helical piles and is modified to account
for the increase in pile impedance caused by the helices.

3.1. Basic Definitions
When a falling mass strikes a pile, a compression wave is induced at the pile head. This
compression wave propagates through the pile with a constant wave speed, 𝐶, which
depends on the pile material properties and can be calculated by:

𝐶=√

𝐸
𝜌

(3.1)

In which, 𝐸 and 𝜌 are the elastic modulus density of pile material.
As the wave travels, the pile is compressed causing a downward movement of the particles
along the pile length with particles velocity, 𝑉. The particle motion causes pile
compression, 𝑣, over a time interval, ∆𝑡, and a distance, ∆𝑙; resulting in strain, 𝜖, in the pile
compressed segment, i.e.
𝑉=
and

𝑣
∆𝑡

(3.2)
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𝜖=

𝑣
∆𝑙

(3.3)

Substituting equation 3.1 and 3.2 into equation 3.3 and multiplying both sides by E and
pile cross-sectional area, 𝐴, produces the basic expression of stress wave measurement,
i.e.,
𝐹=
Where,

𝐸𝐴
𝐶

𝐸𝐴
𝑉
𝐶

(3.4)

is the pile mechanical impedance (Kolsky, 1963). Equation 3.4 can be written

as:
𝐹 = 𝜌𝐶𝐴 𝑉

(3.5)

Where, F = Force in the pile and ρCA = pile impedance, referred to as 𝑍.
The pile impedance, 𝑍, is used in analysis of HSDT data to convert the measured velocity
records into equivalent forces in order to compare with the measured forces on the same
scale. Therefore, it is essential to determine the pile impedance before conducting the
HSDT. Considering equation 3.5, the force and the velocity records would coincide as long
as the initiated stress wave travels in one direction, which is the case of initial hammer
impact. However, the direct proportionality between the force and the velocity does not
hold when an upward wave is generated and travels back to the pile head. This occurs when
either the pile is embedded into the ground due to soil resistance or when there is a change
in the cross-section of the pile.
In addition, available analytical solutions of the hammer-pile system that are used to derive
force-time response at the pile head simulate the pile as a dashpot equal to pile’s
impedance, 𝑍. This is acceptable for a pile with uniform cross-section along its length,
which is not valid for helical piles. Thus, it is necessary to investigate the influence of the
helices on the pile impedance and measured dynamic data.

3.2. Impact Load-Deformation Characteristic of
Cushioning Block
A cushion is frequently placed between the helmet and the pile head when conducting the
High Strain Dynamic Test. The pile cushion is used to uniformly distribute the impact load
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over the surface of the pile head and to attenuate the impact load such that the introduced
stresses do not exceed the specified yield stress of the pile material. The pile cushion is
typically softer than the hammer cushion, which will reduce the induced peak force by
spreading it over a greater duration. Hence, it is essential to incorporate the effect of
cushion in mathematical models that describe impact force time history.
When a hammer collides with a cushion, the load-deformation of cushioning block has a
characteristic hysteresis loop as depicted in Figure 3-1. This curve demonstrates energy
dissipation within the cushion (in the form of heat). The amount of energy dissipated can
be estimated using the coefficient of restitution, 𝑒, which is defined as the ratio of the
velocity of the hammer after impact to the velocity of the hammer before impact (Hirsch
& Hirsch, 1966). To simplify the analysis, the cushion is assumed to have elastic behavior
with stiffness, 𝑘𝑠 , and its impact load-deformation behavior follows the model proposed
by Lowery (1967), i.e., the curve is composed of two straight lines instead of curved lines
as shown in Figure 3-1.
For composite cushioning materials, an equivalent stiffness is used. The equivalent
stiffness is estimated based on elastic properties of composite cushions using the method
proposed by Svinkin (2000). The stiffness of any layer in a composite hammer cushion
may be written as;
𝐾𝑠𝑖 =

𝐸𝑖 𝐴𝑖
𝑡𝑖

(3.6)

Where: 𝐸𝑖 , 𝐴𝑖 and 𝑡𝑖 are the layer elastic modulus, cross-sectional area and thickness,
respectively. Thus, for a hammer cushion consisting of stiff and soft layers arranged in a
series, the stiffness of the composite hammer cushion, 𝑘𝑠 , can be expressed as:
𝑘𝑠 =

1
𝑡𝑠𝑡𝑖𝑓𝑓
𝑡𝑠𝑜𝑓𝑡
+
𝐸𝑠𝑡𝑖𝑓𝑓 𝐴𝑠𝑡𝑖𝑓𝑓 𝐸𝑠𝑜𝑓𝑡 𝐴𝑠𝑜𝑓𝑡

(3.7)
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Figure 3- 1: Cushion deformation properties during impact.

3.3. Idealized Hammer-Cushion-Pile Model
The model consists of an infinitely long elastic pile with an elastic cushion and a freefalling hammer, as shown in Figure 3-2. The pile is represented by a dashpot equivalent to
its impedance, 𝑍, with a uniform cross-sectional area to capture its response to the
impacting mass. Hammer and pile cushions are replaced by an equivalent spring with
coefficient 𝑘𝑠 . No reflection of the force wave from the pile tip is considered. Thus, the
model can be used to determine approximate force-time impact history and peak force
generated at the pile head. Furthermore, the cushion is assumed to be under compression
and cannot transfer any tension to the pile. Deek and Randolph (1993) stated that if tension
stresses are developed in the cushion, the hammer will separate from the pile; hence, the
force exerted on the pile at the instant negative force is generated will be set to zero. Solving
the differential equation of stress wave in an elastic medium considering the boundary
conditions introduced by the continuity of the cushion compression and compatibility of
pile head displacements, the equation for the force generated at the pile head can be
developed.
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Figure 3- 2: Physical (A), and analytical (B) representation of pile hammer model.

3.4. Formulation of the Analytical D-R Model
The force generated at the hammer-cushion and at pile head-cushion interfaces can be
determined considering the diagram shown in Figure 3-3a. Two coordinates, namely 𝑣1
and 𝑣2 , define the displacement position of the hammer and the pile top. The equilibrium
of a pile element of length, ∆𝑥, is considered as shown in Figure 3-3b and the forces acting
at the interfaces between the hammer and cushion as well as the cushion and pile head are
given in terms the cushion stiffness, 𝑘𝑠 , as shown in the free body diagram presented in
Figure 3-3c.
Considering the pile as an infinitely long rod, the compression stress wave generated from
the impact will propagate throughout the pile without developing tension waves (i.e. no
reflection). The maximum transmitted force will be attained when the kinetic energy of the
falling hammer has been fully transmitted to the pile head.
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Figure 3- 3: (A) system model; (B) pile element under analysis; (C) free body
diagram.
Initially, the dropped weight continues its motion downward after impact to a maximum
displacement of the cushion before it either rebounds or remains at its location. If the
dropped weight rebounds, the transmitted energy to the pile head would be less than the
delivered impact energy due to the loss in the initial kinetic energy. If the dropped weight
motion remains downward to a maximum displacement without rebounding, the impact
energy will transmit fully to the pile and the maximum force is generated at the pile head.
Thus, the pile can be replaced by a dashpot since the radiation energy exerted from the
impact is dissipated from the stressed zone – cushion – by the pile. The equation of motion
when the hammer strikes the head of the pile is;
𝑚𝑟 𝑣̈ 1 + 𝑘𝑠 (𝑣1 − 𝑣2 ) = 0

(3.8)

𝐹 − 𝑘𝑠 (𝑣1 − 𝑣2 ) = 0

(3.9)

Where, 𝑚𝑟 is the mass of the hammer, 𝑣1 the position of the hammer at impact, 𝑣2 is the
displacement of the small portion Δ𝑥 at the pile head, and 𝐹 is the force generated at the
pile head.
The response of hammer-cushion-pile depends on the stiffness of the cushioning material
(Deeks and Randolph, 1993). Softer cushion tends to elongate the time of impact and
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reduces the peak force transmitted to the pile head compared to a stiffer cushion which
tends to shorten the time impact and increases the force at the pile head. Herein, the
behavior is assumed to be linearly elastic following the load-displacement curve suggested
by Lowery (1967). The idealized dynamic stress-strain curve for any cushion can be easily
represented by two stiffnesses; 𝑘𝑠 for loading and 𝑘𝑢 for unloading, which can be
determined experimentally. The former is measured based on a typical secant modulus
method whilst the latter is defined based on displacement and the cushion coefficient of
restitution. Considering the equilibrium of the upper pile segment of length, Δ𝑥, and
uniform cross-sectional area of 𝐴 in the 𝑣 direction gives:
𝛴𝐹 = 𝑚𝑎

(3.10)

𝜕𝜎
𝜕2𝑣
(𝜎 +
Δ𝑥) 𝐴 − 𝜎𝐴 = (𝜌𝐴Δ𝑥). ( 2 )
𝜕𝑥
𝜕𝑡
𝜕𝜎
𝜕 2𝑣
=𝜌 2
𝜕𝑥
𝜕𝑡

(3.11)

In which, 𝑣 is displacement, 𝑥 is motion direction of the longitudinal elastic wave, and 𝑡
represents the elapsed time. Since only a compression wave will develop and the pile is
behaving elastically, Hooke's law can be applied. Thus, the stress required to compress the
segment, Δ𝑥, is
𝜎 = 𝜀𝐸
𝜎=

𝜕𝑣
𝐸
𝜕𝑥

(3.12)
(3.13)

Differentiate Eq. 3.13 with respect to 𝑥:
𝜕𝜎 𝜕 2 𝑣
=
𝐸
𝜕𝑥 𝜕𝑥 2

(3.14)

Substituting Eq. 3.14 in Eq. 3.11, yields:
𝜕 2𝑣
𝜕 2𝑣
𝐸
=
𝜌
𝜕𝑥 2
𝜕𝑡 2

(3.15)

Equation 3.15 is the one-dimensional wave equation, which is used to calculate internal
forces and motions on a segment of a pile to an impact load at one end. The surrounding
soil resistance around the pile is neglected since the analysis is made just at the impact;
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otherwise, the surrounding soil resistance must be incorporated. The one-dimensional wave
equation can be expressed as:
𝜕 2𝑣 𝜕 2𝑣 2
=
𝐶
𝜕𝑡 2 𝜕𝑥 2

(3.16)

At an instant time 𝑡, the stress wave has moved a distance equal to (𝑥 − 𝐶𝑡); therefore, the
solution of equation 3.16 is given by some function as follows:
𝑣 = 𝐹(𝑔(𝑥))

(3.17)

𝑣 = 𝐹(𝑥 − 𝐶𝑡)

(3.18)

Applying the chain rule to differentiate the above equations in order to calculate
𝜕𝑣 𝜕𝑣 𝜕𝑥
=
.
𝜕𝑡 𝜕𝑥 𝜕𝑡
𝜕𝑣 𝜕𝑣
=
. (−𝐶)
𝜕𝑡 𝜕𝑥

𝜕𝑣
𝜕𝑡

.

(3.19)
(3.20)

Rearranging equation 3.20;
𝜕𝑣 −1 𝜕𝑣
=
𝜕𝑥
𝐶 𝜕𝑡

(3.21)

The force generated at the pile head is obtained by substituting equation 3.21 in equation
3.13; so,
𝐹
−1 𝜕𝑣
=𝐸
𝐴
𝐶 𝜕𝑡

𝐹=−
The term

𝐴𝐸
𝐶

𝐴𝐸 𝜕𝑣
𝐶 𝜕𝑡

(3.22)

or 𝜌𝐴𝐶 is known as the mechanical impedance of the pile (Kolsky, 1963). So,

equation 3.22 becomes;
𝐹 = 𝑍𝑣̇ 2

(3.23)

In which 𝑣̇ 2 is particles velocity at the impact zone (i.e. segment Δ𝑥). The velocity of the
particles is proportional to the force developed at the same point (Green & Kightley, 2005).
Replacing 𝐹 in equation 3.9 gives;
−𝜌𝐴𝐶 𝑣̇ 2 + 𝑘𝑠 (𝑣1 − 𝑣2 ) = 0

(3.24)
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The first term represents the viscous damping force, and the second term is the static force
generated at the pile head. Equating equation 3.24 with equation 3.8;
𝑚𝑟 𝑣̈ 1 = −𝜌𝐴𝐶 𝑣̇ 2

(3.25)

Integrating this equation is given by;
𝑚𝑟 𝑣̇ 1 = −𝜌𝐴𝐶 𝑣2 + 𝐵

(3.26)

B is a constant which can be determined by applying the initial conditions. At the moment
of impact 𝑣̇ 1 is equal to 𝑣̇𝑜 – velocity at impact and 𝑣2 is equal to zero since the pile has
not yet been displaced.
𝐵 = 𝑚𝑟 𝑣̇𝑜

(3.27)

From Figure 3-3, 𝑣1 and 𝑣2 represent movement of the hammer and the pile head, hence,
𝑣̇1 is nothing but the velocity at impact. So, equation 3.26 becomes,
𝑚𝑟 𝑣̇1 = −𝜌𝐴𝐶 𝑣2 + 𝑚𝑟 𝑣̇𝑜

(3.28)

Solving for 𝑣2 ,
𝑣2 =

𝑚𝑟
𝑚𝑟
𝑣̇𝑜 −
𝑣̇
𝜌𝐴𝐶
𝜌𝐴𝐶 1

(3.29)

Finally, the equation of the motion for the hammer-cushion-pile system is given by,
𝑚𝑟 𝑣̈ 1 + 𝑘𝑠 (𝑣1 −

𝑚𝑟
𝑚𝑟
𝑣̇𝑜 +
𝑣̇ ) = 0
𝜌𝐴𝐶
𝜌𝐴𝐶 1

𝑚𝑟 𝑣̈1 + 𝑘𝑠 𝑣1 +

𝑘𝑠 𝑚𝑟
𝑘𝑠 𝑚𝑟
𝑣̇1 =
𝑣̇
𝜌𝐴𝐶
𝜌𝐴𝐶 𝑜

(3.30)

Define the following terms,

𝐷=

𝑘𝑠
√𝑘𝑠 𝑚𝑟
𝑎𝑛𝑑 𝑤 = √
2𝜌𝐴𝐶
𝑚𝑟

(3.31)

Where, the term √𝑘𝑠 𝑚𝑟 is known to be as hammer impedance. Hence,
𝑚𝑟 𝑣̈ 1 + 𝑘𝑠 𝑣1 +

𝑘𝑠 𝑚𝑟
√𝑘𝑠 𝑚𝑟

. 2𝐷 𝑣̇1 =

𝑘𝑠 𝑚𝑟
√𝑘𝑠 𝑚𝑟

𝑤 2 𝑣1 + 2𝐷𝑤 𝑣̇1 + 𝑣̈ 1 = 2𝐷𝑤 𝑣̇𝑜

. 2𝐷 𝑣̇𝑜
(3.32)
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Equation 3.32 is the equation governing of the hammer-cushion-pile system. The damping,
𝐷, represents energy dissipation by the pile. The solution of this equation will provide the
dynamic characteristic of the system such as frequency of the loading, natural frequency,
damping coefficient, peak force, and force-time distribution at the pile head.

3.4.1. Pile Head Force-Time Response
From equation 3.23 and 3.24, the force at the pile head considering the head pile
displacement is;
𝐹 = −𝜌𝐴𝐶 𝑣̇ 2 = 𝑚𝑟 𝑣̈1

(3.33)

Substituting in equation 3.32 gives;
𝑤 2 𝑣1 + 2𝐷𝑤 𝑣̇1 +

𝐹
= 2𝐷𝑤 𝑣̇𝑜
𝑚𝑟

(3.34)

Solve for 𝑣1 ;
𝑣1 =

2𝐷 𝑣̇𝑜
𝐹
2𝐷 𝑣̇1
−
−
2
𝑤
𝑚𝑟 𝑤
𝑤

(3.35)

𝑚𝑟
𝑚𝑟
𝑣̇𝑜 −
𝑣̇
𝜌𝐴𝐶
𝜌𝐴𝐶 1

(3.36)

And;
𝑣2 =

These expressions are substituted in equation 3.9 to determine the pile head force-time
response. The solution of this problem is obtained by applying Laplace transformation. The
details of solution can be found in (Deeks and Randolph, 1993). The force at the pile head
can then be given by:
For D < 1,
F(t) =

k s v̇ o
w√1 − D2

e−Dwt sin(tw√1 − D2 )

(3.37)

e−Dwt sinh(tw√D2 − 1)

(3.38)

For D > 1,
F(t) =

k s v̇ o
w√D2 − 1

For D = 1,
F(t) = k s v̇ o t e−wt

(3.39)
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Equations 3.37 to 3.39 provide the force distribution in the cushion, which is equal to the
force applied on the pile. Equation 3.37 will provide negative force when the impact time
is greater than time 𝑡0 . Negative values mean the cushion separates from the pile resulting
in hammer rebound.
t0 =

π
w√1 − D2

(3.40)

In addition, equation 3.38 does not yield any negative forces if D > 1, which means no
rebound of the hammer would occur. Also, the maximum force occurs at a time, 𝑡, equal
to the reciprocal of the frequency, 𝜔, of the hammer-cushion-pile system.

3.4.2. The Influence of Impedance Ratio
For optimum hammer-pile performance, Parola (1970) specifies that maximum force is
transmitted to the pile when the pile impedance is about 0.6 to 1.1 of the hammer
impedance. The impedance ratio can be estimated from the following expression;
I=

ρAC
√k s mr

(3.41)

For a pile with high impedance compared to a given hammer and cushion (i.e. impedance
ratio > 1), the pile-cushion-hammer system experiences energy loss due to hammer
rebound. The hammer will continue moving at a fast rate to a maximum displacement
before it rebounds; therefore, the energy transmitted to the pile head is much lower than
the energy expected to be delivered from optimized hammer and cushion. For a pile with
low impedance, the energy is transmitted gradually to the pile head at a low rate before it
is fully transmitted to the pile head. In this case, the pile may be damaged due to the
significant impact created by the falling mass. Thus, the pile peak force is inversely
proportional to impedance ratio, i.e., high impedance ratio will produce lower peak force
at the pile compared to low impedance ratio for a given pile and hammer impact velocity
(Parola, 1970; and Van Kotten, 1977). Therefore, for a helical pile, equation 3.23 should
be modified to reflect the effect of the helices on the pile impedance.
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3.4.3. Pile Peak Force
The maximum pile head force is expressed in terms of force coefficient, 𝐹𝑐 , and pile and
hammer characteristics as proposed by (Parola, 1970; Van Kotten, 1977; and Holeyman,
1992(, i.e.
𝐹𝑚𝑎𝑥 = 𝑍𝑣̇ 2 = 𝐹𝑐

𝜌𝐴𝐶
𝑣̇𝑜
𝐼

(3.42)

Force coefficient, 𝐹𝑐 , can be estimated from Figure 3-4. Considering equation 3.41,
equation 3.42 can be rewritten as:
𝐹𝑚𝑎𝑥 = 𝐹𝑐 √𝑘𝑠 𝑚𝑟 𝑣̇𝑜

(3.43)

Where, 𝑘𝑠 is cushion stiffness and 𝑚𝑟 is hammer mass. In general, equation 3.43 indicates
that the maximum force at the pile head increases as hammer weight, velocity of impact,
or cushion stiffness increase.
1
0.9
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14.0

Impedance Ratio, I

Figure 3- 4: Force coefficient, 𝑭𝒄 , after Parola (1970).
Figure 3-4 shows the relationship between force coefficient and impedance ratio, which
can be used to estimate the maximum force for a particular pile impedance. At low
impedance ratio, below 0.6, the force coefficient decreases at a faster rate as hammer
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weight and cushion stiffness increase to a point after which the peak force increase is
limited; hence, damage to the pile may exist. For impedance ratio between 0.6 and 1.1, the
optimum hammer-cushion-pile system has been achieved. For higher impedance ratio, the
pile force coefficient increases slightly with increase of impedance ratio, and hammer
rebound would occur.

3.4.4. Velocity at Impact
For a heavy mass, 𝑚𝑟 , being held up at height, ℎ, above some reference point, the
gravitational potential energy due to its position is given as;
𝐸𝑝 = 𝑚𝑟 𝑔ℎ

(3.44)

Where 𝑔 is the gravitational acceleration of 9.81 𝑚/𝑠 2 . As soon as the weight dropped, the
“stored” potential energy is converted to kinetic energy, and it is defined as;
𝐸𝑘 =

1
. 𝑚. 𝑣̇𝑜 2
2

(3.45)

At the impact zone, assuming ideal situation, all stored energy is converted to kinetic
energy and the velocity at impact can be obtained as
𝑣̇𝑜 = √2. 𝑔. ℎ

(3.46)

3.5. Validation of the D-R Model for HSDT
The above formulations of the D-R model for the response of the hammer-cushion-pile
system are validated against several published HSDT performed on driven and bored piles
embedded in cohesive soils. The equation predictions are compared with the measured
results. It is crucial to assess test sites where detailed measurements are reported using both
the HSDT and conventional load test in which the failure of the pile is achieved.
Seven cases were selected for validation. Each case contains two dynamically tested piles
of different material and geometry, except for one case where three piles had the same
material but with different diameters. Table 3-1 lists the case studies considered. For the
sake of brevity, only four cases are comprehensively discussed herein while the others are
used along with the four cases to develop charts and guidelines. These cases are chosen for
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two reasons: a comprehensive description of their testing program is provided, and the
force-time responses at the pile head were given. The HSDT was conducted based on restrike condition and after the SLT.
Table 3- 1: Case histories used in this study.
Case

Bemardes et al.
(2000)

Pile label

Pile Type

D=230
mm
D=260
mm
D=330
mm

Test Type

Soil Type

Mobilized Soil
Resistance Ratio
(Static/Dynamic)
0.65

Concrete piles

HSDT and
SLT

Cohesive soil

0.66
0.65

Niyama et al. (2000)

Pile 1

Bored pile

HSDT and
SLT

Sandy silt and
clayey silt

0.35

GEOTECHNOLOGY
(2013)

Pile 1

Driven steel pile

HSDT

Cohesive soil

---

TSC1

Driven prestressed
concrete pile with
circular hollow section

1.2
HSDT and
SLT

Ta et al. (2013)
TSP1

Soft clay,
Clayey sand,
and Silt clay

Driven steel pipe pile

1.19

1.05

D1
Sakr (2013)

Driven steel pile

HSDT and
SLT

Cohesive soil

D2

Ding et al. (2013)

Pile 1

0.96

Drilled concrete pile

HSDT and
SLT

Silty-fine sand

Precast driven pile

HSDT and
SLT

Silt and Silty
sand

0.82

TP1
Halder (2016)
TP2
Note:
HSDT = High Strain Dynamic Pile Test.
SLT = Static Load Test.
“---” = Not provided.

0.79

0.60
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The D-R model assumes a free-falling hammer with no energy loss, which is generally not
true. The hammer speed decreases during its descent due to: friction formed between the
hammer and the guide, inefficient combustion of fuel in diesel hammers, misalignment
between the hammer and pile top or between the hammer and the cushion, inappropriate
connection at the interface surfaces, and hammer rebound. Ignoring such factors will
inevitably leads to either the selection of inefficient hammer system or inaccurate
interpolation of the HSDT; thus, it is necessary to consider those factors in the
mathematical model.
For simplicity and to extend the applicably of this method, all factors have been lumped
into one coefficient. This coefficient relates the expected peak force that would be
generated from the nominated hammer system to the actual measured force at the pile head,
which is equivalent to the force coefficient, 𝐹𝐶 , shown in Figure 3-4. It is essential to
acknowledge that the measured force or energy delivered to the pile head is not greater
than the net force or energy that the hammer system could deliver, i.e., peak force reduction
will take place between the hammer and the pile.
To validate equation 3.43, the measured force due to the hammer impact at the pile head is
first plotted against time. Then, damping, cushion stiffness, and loading frequency of the
hammer-cushion-pile system are evaluated and substituted into equations 3.37, 3.38, and
3.39 to calculate the force-time response at the pile head. However, in most considered
cases, these parameters are not reported; therefore, these parameters are varied until a
match is attained between the measured and calculated responses. After estimating
damping, cushion stiffness, and loading frequency, the impedance ratio and the peak pile
force for each case are calculated using equation 3.41 and 3.43, respectively. The results
are then plotted in Figure 3-4 to compare the outcomes of this approach with available peak
force data presented by Parola (1970). The flowchart presented in Figure 3-5 summarizes
the process adopted to validate and calibrate the developed equations. It should be noted
that the matching criteria were based on the peak force, the time at which the peak force
occurs, and the duration of impact.
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Figure 3- 5: Flowchart of the validation process.
Each case history is discussed in terms of hammer and pile configurations, test setup, and
matched response between the measured and the calculated force against time. After
critically evaluating all cases, modifications to the simple analytical model are proposed.
Errors and overprediction of capacity in some of these cases are also discussed.

3.5.1. Underdamped Systems
3.5.1.1.

Bemardes et al. (2000): Taubate, Sao Paulo

The HSDT was implemented in three precast concrete piles with different diameters in
which the dynamic measurements are monitored using the PDA. The test was carried out
6 days after pile installation. All piles were driven 9 m into clayey soil, and had an elastic
modulus of 30.15 MPa, and wave speed of 3510 m/s. For the 330 mm pile, the hammer
weight was 2855.16 kg, and was dropped from a height of 1.4 m. For the 260 mm and 230
mm piles, the hammer weight was 2039.4 kg and was dropped from a height of 1.0 meter
and 0.8 meters, respectively. A composite cushion system made of Hardwood and
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Masonite fibre plate with steel helmet were used. Such a system is expected to have an
efficiency of about 50%. The CAPWAP analyses were performed on the best-recorded
signals and the calculated capacity was compared with the pile capacity estimated from the
empirical method based on SPT-N value. Figure 3-6 shows the force-time response
measured at the pile head against the calculated response from equation 3.37 for all piles.
The predicted force-time history for pile D230 reasonably agreed with measured response
as can observed from Figure 3.6a. This was not the case for the other two piles as shown
in Figures 3.6b and 3.6c. The agreement for the initial force records and peak forces are
satisfactory, suggesting that the equivalent cushion, pile impedance, and damping for the
system were successfully estimated. After the peak force, however, the predicted forces
did not coincide with the filed data in which a sudden reduction of force occurred. This
indicates that either the pile impedance was not uniform due to a change of the piles' crosssection or the pile head was damaged from the impact; hence, the damping of the system
is no longer a constant value. Also, it could be due to uneven cushion behavior.
Nonetheless, a match between the measured and the calculated forces occurs towards the
end of the signal. Furthermore, the predicted time at which negative force would occur for
all piles was approximately equal to the time observed in the filed data, with difference less
than 10%. The calculated times were 32, 28, and 26 milliseconds whereas the measured
time was approximately 35, 32, and 27 millisecond for piles D230, D260, and D330,
respectively. It was also noted that the maximum force occurred at a time, 𝑡, equal to the
reciprocal of the frequency, 𝜔, of the hammer-cushion-pile system. The value of 𝜔 were
150, 140, and 200 rad/s for piles D230, D260, and D330, respectively. The reciprocal of
these values will give the time at which maximum force appears as depicted in Figure 3-6.
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Figure 3- 6: Comparison between measured and calculated force time response at
the pile head for piles: (a) D230; (b) D260; and (c) D330.
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The damping ratio, 𝐷, is a function of hammer and pile impedances. The hammer
impedance has been quantified as √𝑘𝑠 𝑚𝑟 and depends on the hammer and the cushioning
characteristics. This value is typically considered to be constant and does not change
through the test. Hence, any change of the damping ought to change in the pile impedance
for a given hammer and cushion materials. Reduction in pile impedance will cause the
damping to increase. If there is a significant reduction in the pile impudence such as pile
damage, the recorded force would decrease. Also, the pile impedance may change due to
shaft friction (Viggiani et al., 2012), which is not accounted for in the model (i.e. external
resistance is not considered).

So, assuming a uniform pile impedance will only

approximate the solution. The responses from equation 3.37 shown in Figure 3-6 would be
enhanced if the damping variation was accounted for.
The equivalent cushion stiffness, 𝑘𝑠 , is selected such that the calculated peak force is equal
to the generated peak force at the field, i.e., it represents the loading stiffness only, which
has been approximated by a straight line as indicated previously. This may be sufficient to
estimate the generated peak force for a given hammer and cushion material but may not
capture the real shape of the force-time response. The actual load-deformation curve for
cushion behavior under impact loading should be accounted for in the analyses by dividing
the curve into a series of straight lines with considering the unloading stiffness as proposed
elsewhere (Lowery et al., 1967; Hirsch et al. 1966; and Parola, 1970). If the cushion loading
stiffness is progressively increased in the loading stage and considering unloading stiffness
in the unloading stage, the shape of force-time response in loading and unloading will be
subjected to the same behavior. This would require more sophisticated input, which is not
always readily available. Since equation 3.37 could provide the peak force and the time at
which it occurred as well as the force pulse duration similar to the field measurement, it
may be concluded that the D-R model can be used to represent a hammer impact on the top
of a pile with reasonable accuracy.
3.5.1.2.

Sakr (2013): Alberta, Canada

Two steel driven piles with a diameter of 324 mm and a wall thickness of 9.5 mm embedded
in a cohesive soil were subjected to a SLT up to failure followed by an HSDT. The two
piles were close-ended with a tip cut of 45 degrees. The soil profile consisted of three main
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layers: a silt layer at the top, underlain by thick clay and silty clay layers, over silty clay
layer interbedded with silt lenses. The SLT was carried out in accordance with the quick
maintained load test method. Pile head settlement was recorded electronically at each load
increments, which was kept for about 5 minutes. The maximum applied load for piles D1
and D2 was 810 kN and 840 kN with a corresponding settlement of 41.2 mm and 42.4 mm,
respectively. For the HSDT, a drop hammer system with a weight of 19 kN dropped for a
distance of 0.9 m was used. The impact was transferred first to a pile cushion before it
reached the top of the pile. Sensors were attached near the pile head to measure force and
vertical acceleration signals. Processing these signals were accomplished using a PDA
device. Post-processing analyses using CAPWAP signal matching software was
implemented for the measured pile head force and velocity to estimate static capacity. The
predicated static capacity from the CAPWAP analyses were 1.05 and 0.96 of that obtained
from the SLT for piles D1 and D2, respectively.
Figure 3-7 shows excellent agreement between the measured force-time responses at the
pile head for both piles with the corresponding calculated force-time response form
equation 3.37. Similar to the previous case history, the results show that for underdamped
systems, the behavior of the hammer-cushion-pile system is governed by the hammer mass,
the equivalent cushion stiffness, damping, and pile impedance. However, the damping ratio
in this case was well below 1.0; therefore, the estimated force at the pile head for both piles
shown in Figure 3-7 had the form of a damped half sine wave.
Comparing Figure 3-7 to Figure 3-6, it is observed that the oscillatory behavior of the
measured decaying force was more pronounced because the pile impedance was relatively
lower than hammer impedance, which resulted in multiple peaks. For higher impedance
ratio (i.e. piles tested in Bemardes et al., 2000), the decaying force had the form of a
damped sinusoidal wave. Also, the pile peak force increased as the impedance ratio
increased (i.e. the estimated force coefficient increased), consistent with Parola (1970)
observations presented in Figure 3-4.
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Figure 3- 7: Comparison between measured and calculated force time response at
the pile head for piles: (a) D1; and (b) D2.
The influence of pile impedance on the generated peak force for the given hammer and
cushion setup has been investigated. A linear proportional relationship exists between the
peak force and pile impedance at a very low pile impedance. With the increase of pile
impedance, the peak force increased at a much slower rate as presented in Figure 3-8. This
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explains the small difference between the peak force in piles D1 and D2 even though the
two pile had the same material properties and geometry. This is because pile impedance
changed due to shaft friction.
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Figure 3- 8: Peak force versus Pile impedance for a given hammer and cushion set
up.

3.5.2. Overdamped Systems
3.5.2.1.

GEOTECHNOLOGY, INC (2013): Livingston County, Missouri.

A HSDT was carried out by GEOTECHNOLOGY, INC in Missouri. The testing program
intended to evaluate the accuracy of HSDT in predicting the static load-displacement curve
for a steel pile driven in cohesive soil. The tested pile was monitored using a PDA system
which collected the strain and acceleration measurements from two strain gauges and two
accelerometers attached to the pile head. The gauges and accelerometers were mounted 71
cm away from the pile top. The HSDT was performed seven days after the installation of
the pile using open-ended diesel hammer (Delmag D19-42) with a hammer weight of 17.8
kN and an equivalently rated stroke of 3.3 m. A 5.1 cm thick hammer cushion made from
aluminum/conbest with a coefficient of restitution of 0.8 and a helmet were used along
with hammer pile system. Table 3-2 summarizes the pile and test equipment data.
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Table 3- 2: Pile and Test Equipment Data.
Mass of
the
Hammer

Pile Length

1814.37

[𝑘𝑔]

3.3

[𝑚]

2464

[𝑘𝑁]

(𝑳)

Cushion

15.2

[𝑚]

1.04E-02

[𝑚2 ]

4.45E+08

Stiffness (𝒌𝒔 )

[𝑁/𝑚]

(𝒎𝒓 )
Stroke
Hight (𝒉)
Maximum
Force (𝑭)

Area (𝑨)
Wave Speed

/𝑠]

Pile

coefficient
of

(𝑪)

[𝑚

5139.24

Impedance

0.8

50% Aluminum and

Material

50% Conbest

Thickness

5.1

[𝑐𝑚]

3.65E+09

[𝑁/𝑚2 ]

Cushion
423119.45

[𝑁. 𝑠
/𝑚]

(𝒁)

restitution

Cushion

Modulus of
Elasticity

The helmet was neglected in the analysis due to its small mass and to simplify the solution.
It is reported that the helmet has a generally negligible effect on estimating the maximum
peak force for a given hammer-pile system (Parola, 1970; and Deeks and Randolph, 1993).
The damping ratio was estimated as 1.46, which is higher than 1. Therefore, equation 3.38
is used to calculate the force generated at the pile head. Figure 3-9 shows excellent
agreement between the calculated and measured force-time history, which confirms the
ability of the D-R model to predict the force generated at the pile head during the HSDT.
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Figure 3- 9: Comparison of measured and calculated force-time response.
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The maximum force occurred at a time, 𝑡, and its equal to 2 millisecond which is
approximately equal the inverse of the natural frequency, 𝜔, (460 rad/s) of the hammercushion-pile system similar to the underdamped system. However, the effect of natural
frequency on the time of peak force for the overdamped system is significant compared to
underdamped system. As natural frequency increases, the peak force occurs over a short
time and becomes more pronounced than for the low-frequency system. For over-damped
system, the force is transmitted gradually to the pile head in contrast to underdamped
systems where the force is transmitted at a higher rate. Additionally, equation 3.38 does
not produce negative force even for time beyond the time of the test, which means no
hammer rebound would occur for over-damped system. The impedance ratio for these piles
was estimated to be 0.47. This means the selected hammer and cushion material gave a
hammer impedance that is approximately twice the pile impedance, resulting in observed
oscillations more significant compared to the response presented in Figure 3-7 which is for
an impedance ratio of 0.79.
The effect of varying cushion stiffness on the shape and duration of the force-time history
was examined by analyzing the system presented in Table 3-2. As the cushion stiffness
increase, the effect of the damping is almost negligible, and a sharper force pulse is
achieved as depicted in Figure 3-10. At a very high stiffness, the impact of the hammer
will exert an instantaneous peak force and then attenuates fast. Such systems must be
avoided when conducting the HSDT. For softer cushion stiffness, the time of impact seems
to increase as the cushion gets softer with a variation of about 10%, and the time for peak
force is also elongated noticeably. This demonstrates the effect of cushion material and its
resultant stiffness on the performance of equation 3.38.
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Figure 3- 10: graphical representation of the effect of increasing cushion stiffness for
overdamped system.
3.5.2.2.

Ta el al. (2013): Thi Vai International Port.

In this case study, one steel driven pile (TSP1) was subjected to both SLT and HSDT to
compare the static load-deformation of the pile obtained from both tests. The pile was 1 m
in diameter with wall thickness of 12 mm, and 60 m long. The pile was driven to the desired
depth using a diesel hammer with a mass of 10 tons. The soil profile consisted of a soft
clay layer, approximately 14 m deep, underlain by a 25 m thick clayey sand layer followed
by the bearing stratum that was characterized as hard silty clay. The ground surface existed
at 6 m below the mean sea level. The TSP1 was subjected to SLT up to large displacements
(S = 72.0 mm) to ensure that both shaft and toe beating resistances have been fully
mobilized. The HSDT was carried out in accordance with ASTM-D4945 standard and
based on a re-striking period of 34 days using a diesel hammer, Delmag D100-13, with a
hammer weight of 10 ton, dropped from a height of 2.8 m. The dynamic signals were
measured using two strain gauges and two accelerometers that are mounted symmetrically
to the pile at a distance of 3.5 m from the pile head. The dynamic measurements were
analyzed to derive the static load-displacement curve, which compared favorably with the
curve obtained from the SLT. Nevertheless, the mobilized capacity from the static test was
higher than the mobilized capacity from the dynamic test by approximately 20%.
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Figure 3-11 compares the calculated and measured force-time history at the pile head. The
calculated peak force and time of impact were in good agreement with the measured
response. It is also observed that there was a sudden increase in the force in a very short
period followed by fast decay of the force. The drop in the force right after the peak is
attributed to the high cushion stiffness (4.5 time higher than the cushion stiffness in the
previous case). The fluctuation of the measured force was more significant because the
impedance ratio was very small (0.34). Overall, the observations from this case were
similar to that of GEOTECHNOLOGY (2013) owing to the high damping.
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Figure 3- 11: Force-time response at the head of pile TSP1.

3.5.3. Comparison of Peak Force Coefficient
The pile peak force coefficient, 𝐹𝑐 , and the impedance ratio, 𝐼, for the investigated case
histories are plotted in Figure 3-12 along with the results proposed by Parola (1962) to
compare the predictions of the D-R model with that adopted in Parola (1962). Generally, a
satisfactory agreement between the two sets is observed.
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For driven piles, the results compare favorably with the findings of Parola (1962) except
for two piles where the estimated force coefficient and impedance ratio deviated from the
average line by approximately 20%. This is attributed to the pile damage during
installation. In both piles, there was a sudden increase in the velocity record and
corresponding reduction in the force record occurred at a time before the time for stress
wave reflection from the pile toe to arrive at the pile head, which indicated damage to the
pile shaft. This implies the assumption of a uniform cross-section is no longer valid and
the original expression of pile impedance, 𝜌𝐴𝐶, should be modified.
Interpretation of the HSDT data for a non-uniform pile (e.g. drilled shaft) is more difficult
and possibly less accurate. This issue is still undergoing research scrutiny in regard to
acceptable dynamic instrumentation and interpolation of the results. It has been observed
that the developed model could not adequately estimate neither the peak pile force
coefficient, 𝐹𝑐 , nor the impedance ratio, 𝐼, as can be seen in Figure 3-12.
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Figure 3- 12: Peak pile force coefficient, Fc, versus impedance ratio, I, for all case
histories.
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3.5.4. Estimated Vs. Calculated Damping
The damping ratio, 𝐷, considered herein manifests the influence of the cushion impedance
relative to the pile’s impedance on the generated force pulse and its time length. It is
defined as the ratio of the hammer impedance to twice the pile impedance as presented
previously. When 𝐷 ≥ 1, the force shape is expressed by an exponential and non-periodic
function. The attenuation of the force slowly returns to equilibrium without the
development of negative force. As the cushion stiffness increases for a given hammer and
pile set up, a decidedly sharper and shorter duration of the force pulse will be generated,
and the solution approaches the case of hammer-pile system only akin to a direct impact of
steel over steel which is of limited interest when conducting the HSDT. On the other hand,
when 𝐷 < 1, the solution involves both exponential and goniometric functions and
displays periodic behavior, especially if 𝐷 < 0.5. Such systems possess a soft cushion
causing the force shape to have a long rise time after which the force attenuate at a high
rate. Furthermore, the peak force coefficient is inversely related to the damping, as shown
in Figure 3-13.
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Figure 3- 13: Peak force coefficient vs damping ratio.
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The estimated damping ratio obtained from matching the equations prediction of forcetime response to the filed data was higher than the calculated damping using equation 3.31
(i.e. √𝑘𝑠 𝑚𝑟 /2𝜌𝐶𝐴) for all case histories, see Figure 3-14. This is because the cushion loaddeformation curve is assumed to be linear instead of a nonlinear. Therefore, the original
equation should be modified to account for this effect. A proposed modification to the
original damping equation is presented in equation 3.47 which represents the fitted
regression line depicted in Figure 3-14. A linear regression model was found to be the best
to describe the observed data compared to other regression models (e.g. exponential
regression, power regression, and polynomial regression)
𝐷=

3√𝑘𝑠 𝑚𝑟
4𝜌𝐶𝐴

(3.47)
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Figure 3- 14: Calculated damping versus estimated damping.

3.5.5. Effect of Drop Height and Impact Velocity
Underestimation or overestimation of pile’s axial capacity obtained from dynamic
measurements is a common concern. In fine-grained soils, excess positive pore water
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pressures are usually generated during and at the end of pile installation. The shear strength
of surrounding soil will decrease, and accordingly pile shaft and toe resistance will
decrease. Hence, estimating axial pile capacity at the end of installation will underestimate
the actual pile capacity. Thus, it is recommended to conduct HSDT and CAPWAP analysis
based on a restrike condition (Edde, 1991). On the other hand, the pile capacity may be
overestimated due to the excessive transfer of energy – drop height – to the pile head.
Inadequate velocity variations occur at the pile head; thus, damping forces may be
mistakenly included in the static resistance.
Energy and impact forces generated at the pile head during HSDT can be controlled by the
drop height. Two case histories were selected to show the effect of varying drop height and
the impact velocity on the measured peak force at the pile head. Figure 3-15 shows the
relationship of the pile top force and drop height for overdamped and underdamped
systems. The maximum force exhibits an exponential growth at a slow rate with an increase
in the drop height. Even though high drop heights would permit maximum transmission of
force and energy to the pile and more mobilization of soil static resistance, it may cause
damage to the pile and compromise its integrity. A suitable height should be selected
considering hammer system, fall mechanism, and soil stiffness to ensure maximum
compressive and tensile stresses during testing remain within recommended limits.
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Figure 3- 15: Peak force results at various drop height.
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Typically, a single representative blow of high energy is selected for the analysis of HSDT.
The force and velocity at the pile head due to a single blow are measured by the PDA, and
interpreted to separate the dynamic resistance from the static resistance using a signal
matching software (e.g. CAPWAP). If a blow of a lower imparted energy is chosen for the
analyses, the ultimate soil resistance at the pile toe would not be fully mobilized, and the
pile capacity is underestimated. Conversely, a blow with excessive energy would add
dynamic resistance to the static pile capacity, and pile capacity is overestimated.
Alternatively, several blows can be chosen to derive the load-settlement curve of a pile.
Figure 3-16 depicts the effect of drop height on the estimation of the load-settlement curve
for the same pile obtained from; (a) from a representative blow, (b) for two blows dropped
from a height of 33 cm and 64 cm, (c) for three consecutive blows dropped from a height
of 30 cm, 40 cm, and 90 cm. Figure 3.16 shows that increasing the drop height produces a
load-settlement curve with low elastic compression compared to one significant blow.
Moreover, the plastic region occurred at lower load after which minimal increase in the
load produces large settlement until plastic yielding is fully mobilized within the soil.
Therefore, different drop height sets may not provide similar results when conducting the
HSDT.
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Figure 3- 16: Load-settlement curves from different blows performed on two piles with
the same geometry and soil profile.
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3.6. Helical Piles
This section investigates the results of cases studies of HSDT conducted on fourteen helical
piles in North America. The data were gathered from multiple sources, including published
literature and geotechnical load test reports. Four helical piles had single helix and 10 had
double helices. The shaft diameter varied from 177 mm to 508 mm and the embedded depth
ranged from 3.7 m to 14.1 m. The soil profiles have been categorized based on the
predominant soil condition. The soils surrounding the shaft and most importantly around
the helices in the collected test results were comprised of either clay, clay till, or silty clay
layer as referred to in the geotechnical reports. Thus, the soil in all cases considered herein
was cohesive soil. Some of the geotechnical reports noted some sand and sandy silt layers
near the ground surface with a thickness of less than 4 m. These layers had minor effects
on the piles responses since the response is mostly governed by the soil near and beneath
the helices. More information regarding the collected helical piles data is summarized in
Table 3-3, including, pile and site reference, shaft and helix diameter, pile length, and
dynamic test configurations.
The helical piles were installed by applying both torque and axial compressive load to the
pile head to advance the piles into the soil. Hydraulically powered rotary motors were used
to apply the required torque. Based on the geotechnical reports, pile installation process
and measurement of torque appeared to be of high quality and high efficiency. The tested
helical piles were subjected to a dynamic impact load generated form a hydraulic hammer
that is dropped from variable drop heights. The hammer weight ranged from 19 kN to 50
kN. A steel plate was welded to the pile head and served as impact plate. Blocks of plywood
with variable thickness were placed on top of each test piles to provide impact cushioning.
The instrumentation associated with the PDA in HSDT comprised two strain transducers
and two accelerometers bolted externally and diametrically in opposed pairs near the pile
head. This instrumentation was affixed to the pile such that they were above the ground
surface by a distance between 0.3 m and 0.5 m in the other cases. A follower or external
extension made for steel was added on the top of the all tested helical piles in order to
facilitate testing, avoid damage of the instrumentation, and enhance data quality.
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Table 3- 3: Information for the Tested Piles
Pile ref.

S3
S4

P4-31

Site ref.
Ponoka,
Alberta
Ponoka,
Alberta
Fort St
John, British
Columbia

L

d

dH

No. of

h

Wr

LE

Hammer

[m]

[mm]

[mm]

helices

[cm]

[kN]

[m]

System

9

324

610

2

1.5

90

19

1.2

N.A.

9

324

610

1

N/A

90

19

1.2

N.A.

3.7

178

356

1

N/A

31

0.6

HPS drop
hammer

31

0.6

HPS drop
hammer

31

0.6

HPS drop
hammer

40

N/A

HHK4SL
Hydraulic
Hammer

S/dH

31
46
15

P5-09

Fort St
John, British
Columbia

4.4

220

406

2

3

31
46
15

Fort St
John, British
Columbia

4.2

HP2

Edmonton,
Alberta

8.3

HP12S24

Calgary,
Alberta

6.7

324

610

1

N/A

46

40

N/A

HP12D36

Calgary,
Alberta

8.5

324

914

2

3

61

40

N/A

HP12D40

Calgary,
Alberta

9.2

324

1000

2

N.A.

46

40

N/A

HP20D40

Calgary,
Alberta

9.2

508

1000

2

N.A.

61

40

N/A

52‐14

Midland,
Michigan

13.7

245

508

2

3

40

0.61

APPLE IV
Drop
Hammer

Midland,
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P5-19

52‐18

52‐19

Midland,
Michigan

220

406

1

N/A
31
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220

914

2

3

90

15
25
245

558

2

3

30
46
30

14.1

245

508

2

3

40
46

HHK4SL
Hydraulic
Hammer
HHK4SL
Hydraulic
Hammer
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Hydraulic
Hammer
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Hydraulic
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62‐02

Midland,
Michigan

30
13.8

245

610

2

3

40
46

0.61

APPLE IV
Drop
Hammer

Where; L = length, d = shaft diameter, dH = helix diameter, S/dH = interhelix spacing to diameter ratio, h =
dropping height, Wr = hammer weight, LE = extension length, N.A. = not available, and N/A = not applicable.

Signals for strain and acceleration were converted by the PDA to force and velocity record
and were saved for processing. Maximum stresses developed in the test piles due to the
applied loads were below the permissible stress limits, typically 90% of the minimum yield
strength of the steel. This was confirmed by inspecting the collected force and velocity
records, which showed no signs of pile damage. The post-processing signal matching
method on the acquired records has been performed using CAPWAP to evaluate the static
resistance and to approximate the resistance distribution for each impact. None of the cases
investigated, except for one, involved static load testing before or after the HSDT on the
same helical pile; therefore, comparison of the derived static-displacement and mobilized
static resistance ratio could not be made with SLT data. Nevertheless, the mobilized static
resistance ratio was established for each case based on axial capacity theory methods, or
from torque-capacity correlations. It should be noted that all performed HSDTs were based
on a restrike condition.
The impact response at the pile head for all the collected cases of HSDT on helical piles
were analyzed using the D-R model. The force-time responses were first obtained from the
analytical model and were compared with the field measurements to evaluate the
appropriate values for the increase in pile impedance (due to helices), cushion stiffness and
damping ratio. Figure 3-17 presents the flowchart for the procedure to obtain these
parameters from the analysis of the test data. The estimated damping ratio of the hammercushion-pile system is then used to evaluate the increase in pile impedance since it is a
function of hammer system elements as well as pile impedance. However, inevitable
uncertainties are expected in the adopted process. These uncertainties are associated with
installation methods, used hammer system, and variability inherent in the soil layers.
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Figure 3- 17: Flow Chart for Helical Pile impedance determination adopted in this
study.
To evaluate the significance of pile impedance on the performance of the HSDT on helical
piles, the results of the D-R model are compared for a driven and a helical pile with double
helices, namely D1 and S3, which have same shaft diameter and length, and dynamic test
set-up. More pile details are provided in Sakr (2013) and Elkasabgy and El Naggar (2015).
The pile impedance to hammer impedance ratio for pile D1 was estimated to be 0.780 and
the corresponding peak force coefficient was 0.48. These estimates conform to the
proposed behavior of impedance ratio versus peak force coefficient as depicted in Figure
3-18 and is in good agreement with Parola (1962). On the other hand, for the helical pile
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S3, the matching between the calculated and measured force-time response assuming a
uniform pile cross-section in the D-R model resulted in impedance ratio of 0.505 and peak
force coefficient of 0.701, which do not conform with Parola (1962) as can be noted from
Figure 3-18 even though the same dynamic test configurations were used. The estimated
impedance ratio was lower than the expected value. This indicates that the ratio of pile
impedance to the hammer impedance was higher than what was obtained from the matched
impedance. Furthermore, the predicted load-displacement curve from dynamic
measurements for D1 is in good agreement with axial compression load test results done
by Elkasabgy (2011). For the helical pile, the predicted load-displacement curve is
considerably lower than the estimated curve from axial compression load test results, which
implies that the selected hammer system was not sufficient to fully mobilize the endbearing provided by the helices (Sakr, 2013).
1

Force coefficient, Fc

0.8

0.6
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Impedance ratio, I
Average after Parola (1962)

Helical piles assuming uniform shaft

Driven pile of uniform shaft

Figure 3- 18: Comparison of peak force coefficient and impedance ratio between a
driven pile and a helical pile with the same shaft size and embedment length.
The shape of the force-time response for the helical pile approached a half-sine wave with
minimal skewed behavior in the force near the time for peak force as expected for
impedance ratio > 0.9 as discussed previously. This clearly demonstrates that the
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impedance ratio of helical piles used in the D-R model should be adjusted to account for
the increase in impedance due to the contribution of the helices.
The impedance ratio and peak force coefficient obtained before and after matching the
measured and calculated force-time response for all helical piles are presented in Figure 319. Figure 3-19b shows the peak force coefficient plotted against the adjusted impedance
ratio. It can be seen that the pile impedance ratio was ≥ 1. Hence, the pile impedance 𝑍 =
𝜌𝐶𝐴, considering a uniform cross-section in the D-R model is not valid for helical piles,
and 𝑍 should be revised to account for impedance increase due the helices. This also
indicates that the selected combination of hammer and cushion material are insufficient to
produce enough energy to mobilize the end-bearing resistance of helical piles. Some of the
energy will be lost due to the separation of the cushion for the top of the pile as the hammer
rebounds.
The impedance increase caused by the helices is plotted against the normalized force ratio
for both single and double helices in Figure 3-19b and Figure 3-19c. In these figures,
𝑍 −Helical pile is impedance of the helical pile obtained from its force-time response
history and 𝑍 −Shaft = 𝜌𝐶𝐴. It is clear that the helical pile impedance (with the effect of
the helices) is much higher than the impedance considering the shaft only. In general, 𝑍Helical pile to 𝑍-Shaft ratio ranged from 1 to 4.1 with an average value of 2.1. It is also
noted that the ratio 𝑍 − Helical pile to 𝑍 − Shaft for the same helical pile is approximately
the same despite the change in hammer drop height.
The increase in pile impedance due to the helices varied from pile to pile, even for piles of
the same geometry, which is attributed to the influence of the soil stratum at the location
of the helices. The soil mass near the helix or enclosed between the helices provides
additional resistance, especially for piles with low shaft impedance. Therefore, it is
necessary to incorporate a concentrated soil mass, 𝑚𝑠 , in the D-R model in order to
correctly predict the force-time response for helical piles. The concept of added soil mass
is adopted here and its influence on the dynamic behavior of helical piles as a function of
helix size and number will be evaluated.
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Figure 3- 19: Results of peak force coefficient and impedance ratio for helical piles;
(a) peak force coefficient vs. impedance ratio assuming uniform shaft, (b) peak force
coefficient vs. adjusted impedance ratio, (c) increase in pile impedance caused by
single helix, and (d) increase in pile impedance caused by double helices.

3.6.1. Single-Helix Pile
The form of the D-R model and its associated parameters are kept the same, and only the
dashpot 𝑍 is revised to account for the effect of the helix. The added soil mass model is
adopted herein to account for the change in impedance caused by the helix. The influence
of soil is incorporated in the helical pile model as a lumber mass, 𝑚𝑠 . The soil is assumed
to be fully attached to the bottom of the helix as shown in Figure 3-20. The added mass is
obtained for a soil cylinder with a diameter and height equal to the helix diameter as shown
in Figure 3-20. The shaft impedance can be rewritten as:
𝑍=

𝑀𝑝 𝐶
𝐿

𝑀𝑝 = 𝜌𝑝𝑖𝑙𝑒 𝐿𝐴

(3.48)
(3.49)

The overall impedance of a helical pile with a single helix can be then given by:
𝑍𝐻 =

𝑀𝑃 𝐶 𝑀𝑠 𝑉𝑝
+
𝐿
𝑑ℎ𝑒𝑙𝑖𝑥

(3.50)

Where: 𝑀𝑠 = Mass of the added soil = 𝜌𝑠𝑜𝑖𝑙 𝑑ℎ𝑒𝑙𝑖𝑥 𝐴ℎ𝑒𝑙𝑖𝑥 , 𝑉𝑃 = soil compression wave
velocity and 𝜌𝑝𝑖𝑙𝑒 and 𝜌𝑠𝑜𝑖𝑙 are pile and soil unit weight. Finally, 𝐴 = shaft area and
𝐴ℎ𝑒𝑙𝑖𝑥 = helix area.
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Figure 3- 20: Single-helix pile model: a) physical, and b) idealized.
Pile S4 is used here to compare the prediction of equation 3-50 for increase in helical pile
impedance due to the helix with the estimated increase in impedance based on the matching
process. Pile data is as follows: diameter, 𝑑 = 324 𝑚𝑚; wall thickness, 𝑡 = 9.5 𝑚𝑚;
𝑑ℎ𝑒𝑙𝑖𝑥 = 610 𝑚𝑚; ; 𝐿 = 9 𝑚; 𝜌𝑝𝑖𝑙𝑒 = 7997 𝑘𝑔/𝑚3 ; and 𝐶 = 5124 𝑚/𝑠. Also, 𝜌𝑠𝑜𝑖𝑙 =
1784 𝑘𝑔/𝑚3; and 𝑉𝑝 = 1500 𝑚/𝑠.
Thus; 𝑀𝑃 = 675.56 𝑘𝑔; 𝑀𝑠 = 318.02 𝑘𝑔; and 𝑍

𝑍𝐻
𝑠ℎ𝑎𝑓𝑡

≈ 3.

This value is in reasonable agreement with that estimated from the signal matching process
as depicted in Table 3-4, which also shows other examples.
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Table 3- 4: Comparison between the estimated impedance from signal matching and
the calculated impedance from equation 3.50.
Pile Name
S4
P5-31
P5-19
HP12S24

Estimated [Z - Helical pile / Z - Shaft]
2.30
2.59
2.65
2.46

Calculated [Z - Helical pile / Z - Shaft]
3.00
2.62
2.86
2.89

3.6.2. Double-helix Pile
For helical piles with two helices, the mass of soil within the inter-helix cylinder is taken
as the added mass that moves with the vibrating pile, and is idealized as shown in Figure
3-21. This assumption is consistent with the cylindrical shear failure mechanism (Livneh
and El Naggar, 2008; Aydin et al., 2011).

Figure 3- 21: Double-helix pile model: (a) physical, and (b) idealized.
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Similar to the case of single-helix piles, the impedance for a double helix pile may be given
by the following equation.
𝑍𝐻 =

𝑀𝑠 𝑉𝑝
𝑀𝑃 𝐶
+
𝐿
𝑆 + 𝑑ℎ𝑒𝑙𝑖𝑥

(3.51)

Where, 𝑀𝑠 = Mass of added soil = 𝜌𝑠𝑜𝑖𝑙 [𝑆(𝐴ℎ𝑒𝑙𝑖𝑥 − 𝐴𝑂𝐷 ) + 𝑑ℎ𝑒𝑙𝑖𝑥 𝐴ℎ𝑒𝑙𝑖𝑥 ]; 𝐴𝑂𝐷 = gross
area of shaft; 𝐴ℎ𝑒𝑙𝑖𝑥 = helix and 𝑆 = Inter-helix spacing.
The first part of Equation 3.51 represents the impedance of uniform pile and the second
part accounts for the effect of added soil mass on pile motion. Table 3-5 compares the
results obtained using equation 3.51 and those obtained from signal matching of tested
double-helix piles. The good agreement between the two sets indicate the ability of
equation 3.51 to predict the impedance of double-helix piles during HSDT.
Table 3- 5: Comparison between the estimated impedance from signal matching and
the calculated impedance from equation 3.51.
Pile Name

Estimated [Z - Helical pile / Z - Shaft]

Calculated [Z - Helical pile / Z - Shaft]

S3

1.98

2.40

HP12D40

1.34

1.77

HP12D36

1.37

1.62

P5-09

3.45

3.05

52-18

2.96

2.48

62-02

2.95

2.82

HP2

2.04

2.51

52-19

2.15

2.17

52-14

2.37

2.18

3.7. Mobilized Soil Resistance
The reliability of the HSDT to predict long-term static capacity still has some uncertainties.
Several studies attempted to correlate the capacity predictions from the HSDT with the
SLT (Likins et al., 1996; Seidel et al., 1984; Duzceer et al., 2002; Long, 2009). These
correlations have indicated that bearing capacity from dynamic measurements is generally
conservative. Perhaps, this is because these studies did not assess the hammer-cushion-pile
system that would lead to a good match between the predictions of pile capacity from SLT
and HSDT (i.e. mobilized soil resistance ratio (Static/Dynamic) ≈ 1).
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Figure 3-22a shows the variation of the ratio of the static pile capacity to the mobilized
static capacity from HSDT with impedance ratio, whereas the variation of the measured
displacement at the pile head with impedance ratio is depicted in Figure 3-22b. The
impedance ratio was calculated using a pile impedance in accordance to 𝑍 = 𝜌𝐴𝐶 for
driven pile and 𝑍𝐻 for helical pile (equation 3.50 and equation 3.51). The data is
represented in terms of impedance ratio because it relates the hammer and cushion
characteristics with the characteristic of the tested pile in one dimensionless value. Most of
the observed data are spread within 1 standard deviation (σ) on each side of the mean (μ).
The coefficients of variation for the data in Figures 3-22 a and b were 0.257 and 0.401,
respectively. This means that the observed data are clustered around the mean.
The scatter observed in the data presented in Figure 3-22 is attributed to the variation of
the hammer and cushion characteristic used during the HSDT. This highlights the need for
guidelines described as a function of the hammer-cushion characteristics and pile
displacement to better predict pile’s capacity from dynamic measurement.
A set of guidelines are proposed to define the required characteristics of hammer weight
and cushion stiffness to provide the input force at the pile head that is sufficient to mobilize
the static capacity for piles in cohesive soil. These guidelines are derived based on
observations from the analysis of the investigated case histories and from Figure 3-22.
1. HSDTs should be accompanied with at least one SLT for calibration.
2. Soil strength is expected to be higher when HSDT results are obtained based on
Beginning Of Restrike (BOR) to determine pile capacity with a minimum restrike
period of six days or at least based on a restrike condition.
3. The Impedance ratio, 𝐼, should be kept between 0.7 and 0.9 with corresponding
damping, 𝐷, between 0.7 and 1.1.
4. The displacement at the pile head should generally be larger than 9 mm for driven
piles and 13 mm for helical piles.
5. The drop height is a critical parameter in simulating load-displacement curve.
Selecting one representative blow, with the highest energy, seems to overestimate
the piles' response. The derive load-displacement curve would represent stiffer
response and higher capacity compared to the load-displacement curve obtained
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from several blows. It is recommended to carry out a multi blow test with increasing
drop height. For each height, the load-displacement curve is obtained, and the
mobilized static resistance of the soil is determined. The derived static loaddisplacement curve is then constructed by a best-fit curve that passes through the
curves form each height.
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Figure 3- 22: Mobilized soil resistance at various pile impedance: (a) for the top
measured displacement at the pile head (b) for cohesive soil.
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3.8. Conclusion
A mathematical model to evaluate the force-time response generated at the top of a pile
due to a hammer impact during High Strain Dynamic Test (HSDT) is presented and
employed to analyze several cases studies. The model consists of a hammer, a cushion
stiffness, and a pile. The model predictions agreed with measured field data such as peak
force generated, shape of force time history, and total time response. The mathematical
model was modified to investigate the force-time response generated at the head of helical
piles with different geometries. The results of the modified model compared well with field
data of 14 case histories. Based on the findings of analysis of 11 driven piles and 14 helical
piles, the following conclusions are made:
1. The hammer-cushion-pile system response is governed mainly by the equivalent
cushion stiffness, and pile impedance. For systems with an impedance ratio ≥ 1, the
force pulse is approximately a half-sine wave. For impedance ratio < 1, a sharp
peak is developed over a short time followed by an abrupt reduction in force. This
behavior becomes more pronounced as the impedance ratio decreases.
2. The cushion stiffness used in HSDT has a significant effect on the generated pulse
shape. Stiffer cushions produce short time impact and increase the peak force at the
head of the pile, compared to a softer cushion which elongates the pulse time and
reduces the peak force transmitted to the pile head.
3. The hammer-cushion-pile system damping, 𝐷, which represents energy dissipation
by the pile, influences the impact force time history. When D ≥ 1 , the force time
history can be expressed by an exponential and non-periodic function. The
attenuation of the force slowly returns to equilibrium without the development of
negative force. When D < 1, the force time history is both exponential and
goniometric, thereby is periodic in shape.
4. The force at pile head becomes negative (i.e. hammer rebounds) when the impact
time is greater than the time 𝑡0 . As D increases, hammer rebound is less likely to
occur; hence, more kinetic energy is transferred to the head of the pile (i.e. higher
force to mobilize pile capacity). Nevertheless, overdamped system could cause
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excessive compressive and tensile stresses above the recommended limit stresses
and damage the pile. Monitoring such a system is necessary.
5. The maximum force occurs at a time, 𝑡, equal to the inverse of the natural
frequency, 𝜔, of the hammer-cushion-pile system.
6. The force pulse shape and behavior at the pile head is significantly influenced by
the impudence ratio of the selected system.
7. Increasing the pile impedance will case the damping to be reduced and vice versa.
8. When selecting cushion and hammer system for HSDT of piles installed in cohesive
soil, it is recommended to have impedance ratio, 𝐼, between 0.7 and 0.9 with
corresponding damping, 𝐷, between 0.7 and 1.1. This leads to a better derived static
response from dynamic measurements.
9. It is necessary to account for increase of helical pile impedance due to its helices,
especially for large helical piles. Modifying the helical pile impedance considering
an added soil mass (equations 3.50 and 3.51) provide good estimate of helical piles
impedance and should be used when designing HDST for helical piles (i.e. selection
of a hammer and cushion material to produce enough energy to fully mobilize
helical pile capacity).
Finally, it should be emphasized that more field tests are essential to support the outcomes
of this work, especially for HSDT on helical piles.
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CHAPTER FOUR

FINITE ELEMENT ANALYSIS OF HELICAL PILES
SUBJECTED TO AXIAL IMPACT LOADING

Chapter 4 : Introduction
Helical piles are an efficient foundation option for a wide range of engineering projects
that require high compressive and uplift resistance to static and dynamic loads. In view of
the large capacity of large diameter helical piles, there is a need to determine their capacity
using accurate and economically feasible testing techniques. Recently, the high strain
dynamic test (HSDT) has been applied to large diameter helical piles (Cannon, 2000; Beim
& Luna, 2012; Benjamin White, n.d.; and Sakr, 2013). The behavior and analysis of single
vertical helical piles subjected to static loading is well investigated (e.g. Livneh and El
Naggar, 2008; and Elsherbiny and El Naggar, 2013). However, a few studies investigated
the dynamic behavior of single helical piles and the load transfer under axial dynamic
loading (Bakker et al., 2010; Elkasabgy and El Naggar, 2013; Fakharian et al., 2014; and
Keshavarz et al., 2016).
For axial static loading, the limit equilibrium method is usually employed to estimate the
theoretical axial capacity of helical piles, i.e., the static equilibrium of the pile at the onset
of failure of the soil around the pile. This requires identifying the failure surface and shape
of failed soil mass. Accordingly, two possible failure mechanisms are considered for
helical piles with multiple helices: individual bearing failure; or cylindrical shear failure.
Analyses of helical piles subjected to axial compressive demonstrated that the governing
failure mechanism depends on the inter-helix spacing and the type of soil within the interhelix zone (Elsherbiny and El Naggar, 2013; and Elkasabgy and El Naggar, 2015).
However, no similar characterization for the failure mechanism under axial impact loading.
To correctly plan, execute and interpret HSDT to helical piles, there is a need to establish
their failure mechanism under axial impact loading. Finite element analysis offers a
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powerful tool for identifying the failure surface and shape of failed soil mass under static
and dynamic loading.
An axisymmetric finite model enables simulating a three-dimensional geotechnical
problem that is rotationally symmetric about an axis using 2-dimensional (2D) inputs. The
analysis in this model is carried out as an asymmetric 3-dimensional (3D) problem. The
axisymmetric model is suitable for uniform circular sections and loading schemes around
the axis of symmetry. It assumes stresses and deformations in all directions to be equal.
Several studies have been conducted and published on modelling piles under axial static
and dynamic loads using axisymmetric models (Bakker et al., 2010; Khelifi et al., 2011;
Fakharian et. al, 2014; Osula et al., 2016; Popa et al., 2018; Farshi & Hamidi, 2017; and
Alnuaim et al., 2018). The results of these studies compared well with the measured results
obtained from full-scale load tests or small-scale laboratory tests.
In order to accurately model the soil response during static and impact loads caused by the
SLT and the HSDT, the model boundaries should be placed far enough from the test pile
to minimize the boundary effects. Krasiński (2014) simulated static load tests on helical
piles employing 2D axisymmetric models. He reported that the model with the vertical
boundary placed at a distance equal to 12 times the diameter of the pile from the axis of
symmetry and the bottom boundary placed at a distance equal to 1.4 times the pile length
below the pile toe was sufficient to simulate the SLT well. Limas & Rahardjo (2015)
simulated the static load test conducted on bored piles using 2D axisymmetric models,
which is approximately equivalent to the pile length in the horizontal direction and 1.2 the
pile length in the vertical direction. The generated load-displacement curve from the
numerical model matched the curve obtained from field testing, confirming that the fixed
boundary had no effect on the results. Lv et al. (2017) utilized a 3D finite element model
to investigate the effect of drag-load on single piles with different geometry that are
situated in consolidating ground. They used roller supports at the side boundaries and
pinned support at the bottom boundary. The geometry of the numerical model extended
laterally 15 times the pile diameter (also equal to pile length) from the centre of the pile
and extended vertically 1.7 times the pile length below the ground surface. The calculated
results compared well with the measured results from three centrifuge model tests. Hence,
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the position of the structure in relation to the boundary distances of the model was sufficient
to minimize the boundary effects.
Bakker et al. (2010) simulated a STATNAMIC load test for a large diameter piles using an
axisymmetric model with roller support at the side boundary conditions and fixed boundary
at the bottom. The model boundaries were extended vertically to a total length equal to 4
times the pile length and horizontally to a total radius of about 6 times the pile length. They
used the large size model because no absorbing boundaries were used. Fakharian et al.
(2014) utilized 2D non-linear axisymmetric model to simulate the HSDT on a driven pile
considering both End-Of-Drive (EOD) and Beginning of Restrike (BOR). The model
boundary extended laterally about 13 times the pile diameter and vertically 1.3 times the
pile length. Viscous boundaries were adopted to prevent wave reflections. Similarly,
Keshavarz et al. (2016) analyzed the response of floating piles under dynamic axial loading
employing an axisymmetric 2D model with a geometry domain size twice the shaft length
in the vertical direction and a pile length in the horizontal direction. They assigned
absorbing boundaries both vertically and at the bottom. The numerical results were in
excellent agreement with the results obtained from the field tests.
It is concluded from the discussion above that 2D axisymmetric finite element models are
suitable for simulating the axial behavior of piles under static and dynamic loading. For
optimized accuracy and computing efficiency, the model vertical boundary should be
placed at a distance L from the model center and the bottom boundary should be placed at
a depth 2L below ground surface.

4.1. Case Histories of HSDT on Helical Piles
Two case histories are considered herein for the validation of the developed finite element
models. Case 1 involved HSDT on a helical pile with a single helix installed in saturated
sand. The site is located at an industrial facility in Kent, Washington (CH2M HILL, 2013).
The stratigraphy of the site can be divided into four distinctive layers. Layer 1 was
comprised of an irregular mixture of gravel with sand and silt and extended to about 2.1 m
below the ground surface. Layer 2 is a firm sandy silt 11.6 m thick. Layer 3 was 3.7 m
thick and comprised saturated medium dense fine-grained sand with low to non-plastic silt.
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Layer 4 4 was loosely compacted sand with silt and its thickness varied between 24 m to
30 m. The depth of the groundwater in the piezometer at the testing time was 2.1 m below
the ground surface. The helical pile was 24.3 meters long, with an outer shaft diameter of
178 mm and wall thickness 11.5 mm. The helix was located at a depth of 24 m and had a
diameter of 457 mm, a thickness of 19 mm, and a 133 mm pitch. The HSDT was performed
using an open-end diesel hammer 3 days after completing a SLT. A series of impacts was
generated by dropping a 48 kN weight form a maximum distance of 1.7 m.
In Case 2, the HSDT was carried on a helical pile with double-pitched bearing plates that
was installed in cohesive soils located 12 km away from the north of Ponoka, Alberta,
Canada (Sakr, 2013). The helical pile was 9 m long with a diameter of 324 mm and a wall
thickness of 9.5 mm. The helix plates were 610 mm in diameter and 19 mm thick. The
helices were spaced at a distance equal to 915 mm. The HSDT was performed based on a
re-strike condition. A drop hammer system with a weight of 19 kN dropped for a distance
of 0.9 m was used. The strike was transferred first to a pile cushion before it reached the
top of the pile to minimize breakdowns and wear. Dynamic measurements in both cases
were measured and recorded using a Pile Driving Analyzer (PDA). Post-processing of the
recorded data with the highest energy was done by the CAPWAP. Schematic representation
of the soil profile at the site is presented in Figure 4-1.
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Figure 4- 1: Stratification of soil layers from the surface exploration tests and
groundwater level for case 2 after Elkasabgy & El Naggar (2018).
The analysis of the HSDT conducted on helical piles in both case histories is simulated
using a 2D axisymmetric ﬁnite element model employing the finite element program Plaxis
2D (Plaxis, 2018). To establish the failure mechanism, finite element models were
developed and verified using two case histories of HSDT on helical piles.
Due to the symmetry along the vertical axis, only half of the model geometry is defined. A
general outline of the model and its idealized axisymmetric geometry are shown in Figure
4-2. The vertical y-axis corresponds to the line of symmetry, and the x-axis denotes the
radial direction. The soil medium and the helical pile are represented by 15-node triangular
elements because they are suitable for the analysis of soil subjected to large deformations
such as prediction deformations caused by axial dynamic loads (Bakker et al., 2010; and
Fakharian et. al, 2014). Thus, the depth of the soil model is set to the greater of 2L or the
reported borehole depth.
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Figure 4- 2: General outline of the 3D model (left) and 2D axisymmetric (right).
Figure 4-3 shows the axisymmetric model used in this study to simulate static and dynamic
load tests conducted on helical piles in sand and clay. The external boundaries for Case 1
were situated 25 m laterally from the model center and 44 m below the ground surface. For
Case 2, the model boundaries were placed 18 m from the axis of symmetry and 30 m below
the ground surface.
For static load simulation, the bottom boundary was restricted from movement in vertical
and horizontal directions. Roller supports are assigned to the side boundaries, i.e.,
horizontal movement is restricted, and a free deformation boundary is assigned to the top
of the model. For dynamic simulation, absorbing boundaries are assigned to the vertical
and bottom model boundaries to represent the far-field behavior of the soil medium. This
is accomplished by using viscous boundaries which absorb the propagated wave energy
caused by the dynamic loading; hence, prohibit any wave reflection inside the soil medium.
Plaxis 2D applies viscous dampers at the extreme boundaries in both x and y direction.
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More information about the behavior of the viscous dampers can be found in Lysmer &
Kuhlemeyer (1969).

Figure 4- 3: Model geometry size and boundary conditions for FEM.

4.2. Soil Material Model
Two material models are frequently used to simulate the soil mechanical behavior under
static and dynamic axial loading: the Mohr-Coulomb (MC) model, and the Hardening Soil
(HS) model. The Mohr-Coulomb (MC) model considers the soil behaviour to be linear
elastic perfectly plastic and is commonly used due to its simplicity. It requires basic soil
parameters, including: cohesion, friction angle, dilation angle, elastic modulus and
Poisson's ratio. However, the MC model is limited in terms of simulating soil non-linearity
and inelasticity (Teo & Wong, 2012; Rani et al., 2014; and Plaxis, 2018), which can lead
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to unrealistic simulation of the soil behavior and inaccurate results (Çelik, 2017). The
Hardening Soil (HS) model can better simulate the soil non-linear behavior when subjected
to changes in strain and stress, and provides more realistic results in comparison to the MC
model. The required input parameters to describe the soil behavior in the HS model are
presented in Table 4-1. The formulation of the HS model incorporates two hardening
mechanisms; shear hardening and compression hardening, which makes it suitable for
simulating both stiff and soft soils (Schanz & Vermeer, 1998; and Obrzud & Truty, 2018).
This is accomplished by incorporating three input stiﬀness parameters corresponding to the
𝑟𝑒𝑓

𝑟𝑒𝑓

secant triaxial loading stiﬀness (𝐸50 ), the elastic unloading-reloading stiﬀness (𝐸𝑢 ), and
𝑟𝑒𝑓

the tangent oedometer loading modulus (𝐸𝑜𝑒𝑑 ). The HS model is selected to simulate the
soil behavior for both static and dynamic applications as it accounts for loading history and
is suitable for both sand and clay.
Table 4- 1: Basic parameters in the HS model.
Parameter

Definition

Unit

𝑟𝑒𝑓

Secant stiffness in standard drained triaxial test

kPa

𝑟𝑒𝑓

Tangent stiffness for primary oedometer loading

kPa

𝑟𝑒𝑓

Unloading/reloading stiffness

kPa

𝑚

Power for stress-level dependency of stiffness

𝐸50

𝐸𝑜𝑒𝑑
𝐸𝑢

(𝑐’) 𝑐

-

(Effective) cohesion

kPa

𝜎𝑡

Tension cut-off and tensile strength

kPa

(𝜑′) 𝜑

(Effective) angle of internal friction

Degree

Dilatancy angle

Degree

𝜓

4.3. Soil Behaviour
The high impact loading at the pile head causes transient loading in adjacent soil. The rate
of loading is faster than the rate of pore water pressure dissipation, hence excess pore water
pressure develops, which affects the soil resistance. Holeyman (1992) reported that rate of
loading during HSDT constrains the dissipation of excess pore water pressure, even for
piles embedded in sand. Hölscher and Barents (1992) found that the consolidation time of
generated pore water pressure in a dense sand layer varied from 100 to 200 ms, which is
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longer than the typical HSDT duration. Therefore, the soil behavior would be undrained or
partially drained. Huy (2006) indicated that dynamic drainage conditions have a significant
role in the analysis.
A review of the literature shows that impact loads cause a disturbance or a remolding of
the cohesive soils near to the pile, in addition to the generation of excessive pore water
pressure which does not have enough time to dissipate due to the rate at which the external
load is applied (Airhart et al., 1967; Kequin & Jiayou, 1986; Morgano et al., 2008; and
Elkasabgy & El Naggar, 2013). Several studies combined the pore water pressure effect
and loading rate as a rate load effect (Charue, 2004; Huy et al., 2006; and Holscher & Van
Tol, 2008). In general, the loading rate effect is stronger for cohesive soil compared to
cohesionless soil (Goble et al., 1975). The rate effect on load-displacement behavior is
considered in the analysis reported here.
Based on the discussion above and the short duration of loading, the behaviour of both sand
and clay as simulated using the HS model under undrained conditions. For Case 1, the soil
was saturated sand, with a water table near the ground surface; therefore, the soil behaviour
was considered to be undrained (Undrained A). The soil profile in Case 2 comprised layers
of silt and silty clay; thus, it is modelled considering undrained condition (Undrained B).

4.4. Parameter Determination of The Hardening Soil
Model
4.4.1. Strength Parameters
The strength parameters in the HS model include cohesion, angle of internal friction, and
angle of dilatancy. The sand model was set to be undrained and effective stress parameters
were used to conduct the undrained effective stress analysis. However, it was difficult to
obtain an accurate value for the friction angle, 𝜙′, for each layer because correlations based
on SPT-N were used. The dilatancy angle, 𝜓, is quantified using the friction angle 𝜓 =
𝜙 ′ − 30 (Plaxis 2D, 2018). For Case 2, undrained shear strength, 𝑐𝑢 , was used for each
layer. The values suggested by Elkasabgy (2011) were used. The strength parameters used
in the finite element models are presented in Table 4-2.
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Table 4- 2: Soil strength parameters for the HS models.

Case

Site fill
Firm sandy silt
Denser sand
Looser sand
Silt and sandy silt
Clay to silty clay
Silty clay

Drained
Undrained (A)
Undrained (A)
Undrained (A)
Drained
Undrained (B)
Undrained (B)

20.4
16.5
19.5
19.2
18.2
17.8
17.8

20.4
14
16
16
15.7
14
14.1

Peak
Friction
angle
(𝝋) O
37
31
37
33
31
-

Silty sand

Drained

18.8

15

Clay till
Silty clay/clayey
silt

Undrained (B)

17.5

Undrained (B)

18

Soil type

Drainage type

Unit weight
[kN/m3]
Wet

Case 1

Case 2

Dry

dilatancy
angle (𝝍)
O

Undrained
cohesion
(𝒄𝒖 ) [kPa]

7
1
7
3
1
-

85
137

42

7

0

13.9

-

-

177

14.3

-

-
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4.4.2. Stiffness Parameters
The initial stiffness, 𝐸𝑖 , was determined form Poisson's ratio, 𝑣, and shear modulus at small
strain, 𝐺𝑚𝑎𝑥 , measured from the seismic cone penetration test. Several researchers
investigated the modulus degradation with the level of strain as a function of the mobilized
stress level (LoPresti et al., 1993; Fahey and Carter, 1993; Mayne and Dumas, 1997; and
Robertson, 2009). The modified hyperbola model is utilized here to reduce the initial
stiffness, 𝐸𝑖 , to secant modulus, 𝐸𝑠 , at the working load level in terms of the mobilized
stress relative to the ultimate stress (𝑞/𝑞𝑢𝑙𝑡 ). The general expression of model is given by
(Fahey and Carter, 1993):
𝐸𝑠
𝑞 𝑔
= 1−𝑓(
)
𝐸𝑖
𝑞𝑢𝑙𝑡

(4.1)

105

Where,

𝑞
𝑞𝑢𝑙𝑡

is the mobilized stress relative to the ultimate stress, and 𝑓 and 𝑔 are fitting

parameters. Verbrugge & Schroeder (2018) indicated that the ratio is commonly between
0.05 and 0.3, depending on the level of strain. Based on the best match between measured
𝐸

and estimated pile load-displacement responses, an estimated modulus degradation (𝐸𝑠 ) of
𝑖

0.2 was used to reduce the initial stiffness, 𝐸𝑖 , to a secant modulus, 𝐸𝑠 . The adopted profiles
for 𝐸𝑖 and 𝐸𝑠 in the numerical analysis for Case 2 are depicted in Figure 4-4.
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Figure 4- 4: Profile for the initial stiffness, Ei, and secant modulus, Es, for Case 2.
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For Case 1, the deformation characteristics, including initial and secant modulus and shear
modulus at low-strain and large-strain, were estimated from the SPT-N values along with
the relationship between static and dynamic elastic modulus proposed by Alpan (1970).
Considering the average static modulus of elasticity,

𝐸𝑑𝑦𝑛𝑎𝑚𝑖𝑐
𝐸𝑠𝑡𝑎𝑡𝑖𝑐

≈ 2 was used. Table 4-3

presents the soil elastic modulus for Case 1.
Table 4- 3: Selected stiffness parameters for Case 1 sand model in Plaxis 2D.
Layer

E – static [kPa]

E – dynamic [kPa]

Site fill

14800

29600

Firm sandy silt

10700

21400

Denser sand

43000

86000

Looser sand

33800

60840

The relation between the secant modulus with the HS model stiffness parameters is as
follows (Obrzud & Truty, 2018);
𝐸50 < 𝐸𝑠 < 𝐸𝑢𝑟

(4.2)

𝐸50 and 𝐸𝑢𝑟 are defined as the secant stiffness at 50% of the failure load and the stiffness
obtained from the unloading-reloading curve, respectively. These values are determined
from a triaxial compression test. Due to the absence of laboratory results, 𝐸50 and 𝐸𝑢𝑟 were
approximated based on typical assumptions found in the literature. In the current analysis,
𝐸50 = 𝐸𝑠 was assumed, and 𝐸𝑢𝑟 = 3𝐸50 ≈ 3𝐸𝑠 as recommended by Plaxis (2018). For
granular soils, the stiffness 𝐸𝑜𝑒𝑑 defined as the tangent stiffness due to primary oedometer
loading is approximated by 𝐸𝑜𝑒𝑑 ≅ 𝐸50 (Obrzud & Truty, 2018). For cohesive soils,
𝐸𝑜𝑒𝑑 = 0.8 𝐸50 as recommended by Plaixs 2D (2018) is adopted.

4.4.3. Stress-Level Dependent Stiffness
In the hardening soil model, the exponent, 𝑚, is utilized to describe the stress-level
dependency of stiffness. Typically, 𝑚 varies between 0.3 to 1. In dense sand, the
nonlinearity is more pronounced than in loose sand. Based on observations from oedometer
tests, Van Soos (1991) proposed ranges of values of 𝑚 for different sandy soils with
varying grain size distribution. These ranges are presented in Table 4-4. For clayey soils,
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typical 𝑚 values are provided in Table 4-4. Accordingly, 𝑚 = 0.5 is used for sand and silty
sand soils, and m = 0.6 to 0.85 with an average of 0.7 for clay. These values resulted in
good match between calculated and measured responses.
Table 4- 4: Typical values for 𝒎 in cohesionless and cohesive soils.
Soil
Sand

Silt

Clay

Type

𝒎

Fine, uniform

0.6 – 0.75

Coarse, uniform

0.55 – 0.7

Well-graded and gravelly sand

0.55 – 0.7

With fines

0.65 – 0.9

Subround, and Subangular

0.41 - 0.51

Low plasticity

0.6 – 0.8

Medium to high plasticity

0.7 – 0.9

Low to Medium plasticity

0.9 – 1

High plasticity
London clay, and Speswhite kaolin

1
0.65 - 0.76

clay
Undisturbed cohesive soils

Reference

Van Soos (1991)

Hoque and Tatsuoka (2004)
Van Soos (1991)

Van Soos (1991)
Viggiani and Atkinson
(1995)

0.5

Kim and Novak (1981)

4.4.4. Groundwater Modelling
To account for the flow of pore water in the numerical analysis, the Van Genuchten model
(Van Genuchten, 1980) is selected. The parameters of this model are defined according to
soil type and soil grain size distribution. The United States Department of Agriculture
(USDA) classification system was used in this study to classify the soil and select the flow
parameters. In the analysis, the groundwater flow boundary conditions were set to Open.

4.4.5. Dynamic Properties
The soil dynamic properties, including shear modulus and damping ratio are used to
describe the soil behavior during a dynamic loading event. In Plaxis, both viscous
(radiation) damping and hysteretic (material) damping are accounted for. The former is
considered in the analysis by means of Rayleigh damping, in which the damping matric,
𝐶, is expressed as a linear combination of mass, 𝑀, and a stiﬀness, 𝐾, matrices, i.e.:
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[𝐶] = 𝛼[𝑀] + 𝛽[𝐾]

(4.3)

Where, 𝛼 and 𝛽 are Rayleigh coefficients. The effect of 𝛼 is dominant in lower frequencies
of vibration while 𝛽 effect is dominant in high frequencies of vibration. The values of 𝛼
and 𝛽 are determined considering target frequencies. In the current analysis, a damping
value of 5% was assumed and the target frequencies (𝑓1 =

𝑉𝑠
4𝐻

and 𝑓2 is the dynamic load

predominant frequency) are obtained using the procedure suggested by Hashash and Park
(2002). Where, 𝑉𝑠 = Soil shear wave velocity and 𝐻 = Soil layer thickness.

4.4.6. Interface Modeling
The interface strength between the soil medium and the pile is modelled employing the
parameter 𝑅𝑖𝑛𝑡𝑒𝑟 , which is defined as the strength reduction factor. A value of 1 represents
a rigid interface, i.e. a fully bonded interface. For Case 1, where the helical pile was
installed in sandy soils, the β – method was used to determine the interface parameter
𝑅𝑖𝑛𝑡𝑒𝑟 . The corrected SPT blow counts, 𝑁60 , were used to assess 𝛽 values by the following
correlations (CH2M HILL, 2013);
1.5 − 0.075√𝑧 ,
𝛽 = { 𝑁60
(
) (1.5 − 0.075√𝑧),
15

𝑁60 ≥ 15
𝑁60 < 15

(4.4)

Where, z is the depth below ground in meters measured at mid-depth of each layer. The
interface parameter, 𝑅𝑖𝑛𝑡𝑒𝑟 , for all the soil layers were estimated form 𝛽 values with the
range proposed by CH2M HILL (2013), as presented in Table 4-5.
Table 4- 5: Interface parameter 𝑹𝒊𝒏𝒕𝒆𝒓 for Case 1 – Sandy soils.
𝑹𝒊𝒏𝒕𝒆𝒓

Proposed range, 𝛽

Site fill

0.48

0.60 – 0.35

Firm sandy silt

0.38

0.40 – 0.35

Denser sand

0.54

0.55 – 0.40

Looser sand

0.40

0.45 – 0.30

Layer

For case 2, the helical pile was installed in clayey soil; hence, the 𝛼 – method (Randolph
and Murphy, 1985) is used to define the parameter 𝑅𝑖𝑛𝑡𝑒𝑟 . In this method, the coefficient
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𝛼 is evaluated as a function of the ratio of undrained shear strength, 𝑆𝑢 , and effective
stress, 𝜎𝑣′𝑜 . However, the values obtained from this model underestimated the load carrying
capacity of the helical pile; therefore, an adjustment was made through an iterative process
to refine α values to achieve best match between calculated and measured responses. The
𝛼 values that resulted in best match are presented in Table 4-6. The 𝛽 – method was used
to evaluate the interface parameters of the sand and silt layers in Case soil profile.
Table 4- 6: Interface parameter 𝑹𝒊𝒏𝒕𝒆𝒓 for Case 2 – Clayey soil.
Layer

𝛼

Silt and sandy silt

0.950

Clay to silty clay

0.688

Silty clay

0.796

Silty sand

0.952

Clay till

0.896

Silty clay to clayey silt

0.944

4.4.7. Initial Stress State
In the HS model, the coefficient of lateral earth pressure and the over-consolidation ratio
are used to define the initial stresses for the numerical model. The vertical stresses are
generated such that an equilibrium within the soil mass is attained. The horizontal stresses
are then determined according to the specified 𝑘𝑜 -value. The over-consolidation ratio is
used to account for the stress history of the soil medium. The coefficient of lateral earth
pressure and over-consolidation ratio used in the analysis are summarized in Table 4-7.
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Table 4- 7: Initial stress state parameters.
Case

Case 1

Case 2

Soil type

Ks

OCR

Site fill

1.388

1

Firm sandy silt

1.096

1

Denser sand

1.164

1

Looser sand

1.330

1

Silt and sandy silt

1.900

10

Clay to silty clay

1.700

10

Silty clay

1.950

14

Silty sand

1.100

6

Clay till

1.900

15

Silty clay to clayey silt

1.200

7

Reference

CH2M HILL (2013)

Elkasabgy (2011)

4.5. Helical Pile Model
The helical pile was modeled as a volume cluster with linearly elastic non-porous material
behavior. The helices are modelled as a horizontal volume cluster. The connection between
the pile shaft and the helices is assumed to be fully rigid to prevent punching behavior of
the shaft through the helices. The helical pile had a single helix for Case 1 and two helices
for Case 2 (see Figure 4-5). The piles properties used in the analysis are: Young’s modulus
(210 GPa), Poisson’s ratio (0.3), damping ratio (1%) and unit weight (78.46 kN/m3).

Figure 4- 5: (a) Geometry of tested helical piles; and (b) helical piles geometry
in the axisymmetric numerical model.
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4.6. Mesh Generation
The soil was simulated using 15-node triangular elements. The entire mesh was divided
into 3 zones as shown in Figure 4-6. The mesh discretization was refined immediately
adjacent to the helical pile and the refinement decreased with the distance away from the
helical pile.

Figure 4- 6: Zones of localized mesh refinement.
To investigate the effect of mesh refinement on the accuracy of results, a sensitivity
analysis was conducted, considering coarse, medium, and fine meshes. The loaddisplacement curve was used as the criterion for mesh convergence. Table 4-8 shows that
increasing the global mesh discretization had an insignificant effect on the final deflection
and the failure load for Case 1 (sandy soil); but had a minor effect the shape of the load-
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displacement curve. For Case 2 (clayey soil), the final deflection and the failure load were
greatly affected by the global mesh discretization of the model. Hence, for both Cases, the
final mesh was used in the analysis.
Table 4- 8: Optimization of soil meshing.
Case
history

Global

Number

Number

Model

of

of

Mesh

Elements

Nodes

Mesh

Mesh

quality

size

Final

Failure

Measured

Measured

deflection

Load

deflection

Failure

[mm]

[kN]

[mm]

Load [kN]

33.58

890

35.54

2500

Case 1 -

Coarse

4073

34580

0.86

0.08

36

870

sandy

Medium

6793

56992

0.90

0.06

36

889

model

Fine

14077

116524

0.93

0.04

36

907

Case 2 –

Coarse

935

8356

0.72

0.08

19.5

2018

Clayey

Medium

1267

11272

0.73

0.06

20.1

2040

soil

Fine

8137

116524

0.93

0.04

35.80

2400

4.7. Final Model Geometry and Input Parameters
The soil profile for Case 1 was discretized into 4 layers and the soil profile for Case 2 had
6 layers. Figures 4-7 and 4-8 depict the final generated model geometry for both cases. The
soil material parameters used for each case are summarized in Table 4-9 and Table 4-10.
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Table 4- 9: Summary of soil layers properties for Case 1 in Plaxis 2D.
Parameter
Drainage Type
Unit weight above phreatic line
Unit weight below phreatic line
Void ratio

Symbol
-

Unit
-

Site fill

Firm sandy silt

𝛾𝑢𝑛𝑠𝑎𝑡
𝛾𝑠𝑎𝑡
𝑒

Drained

Undrained (A)

𝑟𝑒𝑓

[kn/m3]
[kn/m3]
[kPa]

20.40
20.40
0.68
14800

𝐸50

𝑟𝑒𝑓

[kPa]

𝑟𝑒𝑓
𝐸𝑢𝑟

[kPa]

𝑚
𝜑′
𝜓
𝑐′

[o]
[o]
[kPa]
[kPa]
[m/s]
[m]
[%]
-

𝐸50
Static stiffness parameters
Stress-level dependency
Friction angle
Dilatancy angle
Cohesion
Dynamic stiffness
Shear wave velocity
Layer thickness
Damping ratio
Interface strength

𝐸𝑑𝑦𝑛𝑎𝑚𝑖𝑐
𝑉𝑠
𝐻
𝜉
𝑅𝑖𝑛𝑡𝑒𝑟
𝐾0,𝑥
𝑂𝐶𝑅

Initial stress state parameters

14
16.50
0.75
10700

Denser sand
Undrained
(A)
16
19.50
0.69
43000

Looser sand
Undrained
(A)
16
19.20
0.73
33800

14800

10700

43000

33800

44400
0.6
37
7
1
29600
223
2.1
5
0.48
1.388
1

32100
0.7
31
1
1
21400
190
11.6
5
0.38
1.096
1

129000
0.5
37
7
1
86000
310
3.7
5
0.54
1.164
1

101400
0.5
33
3
1
60840
260
25.9
5
0.40
1.330
1

Table 4- 10: Summary of soil layers properties for Case 2 in Plaxis 2D.
Parameter

Drainage Type
Unit weight above
phreatic line
Unit weight below
phreatic line
Void ratio
Static stiffness parameters
Stress-level dependency
Friction angle
Dilatancy angle
Undrained shear strength
Dynamic stiffness
Shear wave velocity
Layer thickness
Damping ratio
Interface strength
Initial stress state
parameters

Symbol

Unit

Silt and
sandy
silt
Drained

Clay to
silty clay

Silty clay

Silty
sand

Clay till

Undrained
(B)
14.10

Drained
15

Undrained
(B)
13.90

Silty clay
to clayey
silt
Undrained
(B)
14.30

-

-

𝛾𝑢𝑛𝑠𝑎𝑡

[kn/m3]

15.70

Undrained
(B)
14

𝛾𝑠𝑎𝑡

[kn/m3]

18.20

17.80

17.80

18.80

17.50

18

[kPa]
[kPa]
[kPa]
[o]
[o]
[kPa]
[kPa]
[m/s]
[m]
[%]
-

0.83
45000
36000
135000
0.6
31
1
91000
125
1.4
5
0.950
1.9
10

1.03
60000
48000
180000
0.75
85
149000
170
3.1
5
0.688
1.7
10

1.03
70000
56000
210000
0.75
137
277000
220
1.2
5
0.796
1.95
14

0.83
64000
52100
192000
0.5
42
7
197000
183
0.5
5
0.952
1.1
6

1.15
75000
60000
225000
0.85
177
315000
211
7.2
5
0.896
1.9
15

0.93
58000
46400
174000
0.75
150
290000
233
16.6
5
0.944
1.2
7

𝑒
𝑟𝑒𝑓
𝐸50
𝑟𝑒𝑓
𝐸50
𝑟𝑒𝑓
𝐸𝑢𝑟

𝑚
𝜑′
𝜓
𝑆𝑢
𝐸𝑑𝑦𝑛𝑎𝑚𝑖𝑐
𝑉𝑠
𝐻
𝜉
𝑅𝑖𝑛𝑡𝑒𝑟
𝐾0,𝑥
𝑂𝐶𝑅
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Figure 4- 7: Case 1 model (a) helical pile and soil-pile interface, (b) model geometry,
and (c) Generated mesh.

Figure 4- 8: Case 2 model: (a) helical pile and soil-pile interface, (b) model
geometry, and (c) Generated mesh.
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4.8. Simulation of Static Load Test
The SLT was simulated using static prescribed displacement imposed at the pile head. The
assigned displacement was equal to the maximum displacement reported from the field
measurements. The results of the analysis were compared with the field test results in order
to validate the developed models for their static soil behavior and to evaluate the suitability
of the adopted method of modelling helical piles in a 2D domain.
The analysis was performed in 3 phases: initial phase, pile activation phase, and pile load
test phase. The initial phase involved activating the initial conditions, i.e., initial stress
state, based on the 𝐾𝑜 procedure calculation. The second phase involved activating the pile
by assigning the helical pile properties to the pile cluster. The interfaces between the helical
pile and the surrounding soil were also activated in this phase, and the boundary conditions
for static loading calculation are set. In the last phase, the prescribed displacement was
applied to the helical pile head to simulate the SLT. The calculated and measured loaddisplacement curves were used to validate the model assumptions adopted in this study.
Figure 4-9 compares the calculated and measured load-displacement curves for the Case 1
helical pile, which had a single helix installed in sandy soil. Figure 4-9 demonstrates that
the load-displacement curve obtained from the numerical analysis corresponds well with
field test results. The initial elastic region was captured by the numerical model before the
divergence between both curves occurred. From a displacement of 5 mm to a displacement
of approximately 10 mm, the predicted static curve from FEM did not match the measured
static curve. This discrepancy is due to the failure of the hydraulic pump that operated the
loading jack, which resulted in repeating the test more than once. As the displacement
exceeded 10 mm, the calculated and measured load-displacement curves converged with
less than 5% higher difference. This is because the loading was completed without
interruption within this loading range. The ultimate pile capacity determined from the insitu static load test and numerical model based on the Davisson failure criterion are in a
good agreement.
Figure 4-10 compares the calculated and measured load-displacement curves for the Case
2 helical pile, which had two helices and installed in clayey soil. The two curves are almost

116

identical as observed in Figure 4-10. Hence, it can be concluded that the developed models
are validated, and the modeling assumptions could be employed to accurately depict the
behaviour of helical piles in similar soils.
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Figure 4- 10: Calculated and measured load-displacement curves for Case 1 helical pile.
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Figure 4- 9: Calculated and measured load-displacement curves for Case 2 helical
pile.
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4.8.1. Failure Mechanism
The obtained failure mechanisms of the modelled helical piles are compared with the
typical failure mechanism reported in the literature. Figure 4-11 shows the displacement
contours of the test piles in both cases. As expected, the failure mechanism of the single
helix pile involves soil movement along the shaft (due to load transfer along the shaft) and
large soil movement below the single helix due to the load transfer at the helix as depicted
in Figure 4-11(a). For the 2-helix pile with inter-helix spacing ratio of 1.5, a cylindrical
failure surface is formed between the top and the bottom helices as shown in Figure 411(b). Hence, the cylindrical shear method controlled the behavior of the helical pile in this
case. The failure mechanisms captured by the numerical models developed herein are
similar to the failure mechanisms of helical piles presented in Elsherbiny & El Naggar
(2013) and Polishchuk & Maksimov (2017). Hence, the current numerical models can
simulate the load-transfer mechanism at failure for helical piles.

Figure 4- 11: Displacement contours for: a) single helix pile; b) 2-helix pile with
cylindrical failure mechanism.
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4.9. Simulation of High Stain Dynamic Test
The analysis of the impact load during HSDT is conducted in the time-domain, and
simulated the dynamic measurements (i.e. force, acceleration, and velocity measurements).
The shape of the impact force time history at the pile head during the HSDT is a function
of the hammer-cushion-pile system impedance as discussed in chapter 3. In particular, the
impedance ratio of the cushion and pile governs the behavior of the hammer-cushion-pile
system during the HSDT. For systems with an impedance ratio ≥ 1, the force pulse is
approximately a half-sine wave. For impedance ratio < 1, a sharp peak is developed over a
short time followed by an abrupt reduction in force. The impedance ratio for the two case
histories examined herein were greater than 1. Hence, the force time history at the pile head
is simulated as a half-sine wave.
Figure 4-12 displays the represented force-time history and pulse duration implemented at
the top of the helical pile for Case 1 – helical pile installed in sandy soils, and Case 2 –
helical pile installed in clay soil. These curves are equivalent to the force measured at the
top of the helical pile at the site during the HSDT.
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Figure 4- 12: Force functions used to simulate hammer impact in numerical models.
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4.9.1. Dynamic Time Discretization
The dynamic calculations are conducted over the time interval, ∆𝑡, that is equal to the
measured time of impact during the field test. This time interval is subdivided into a
maximum number of steps, 𝑚, and a number of sub-steps, 𝑛. The parameters 𝑚 and 𝑛 are
used to discretize the dynamic time interval to the most suitable number of time steps such
that the dynamic loading is adequately covered. The time step can be defined as follow;
𝛿𝑡 =

∆𝑡
𝑚𝑛

(4-5)

The time discretization was set to the semi-automatic option, 𝑚 = 112, 144, and 192 were
selected. The dynamic responses obtained from these 𝑚 values were compared, and no
difference was noted in the dynamic measurements. Hence, 𝑚 = 112 was used in the HSDT
in both case histories.

4.9.2. Dynamic Calculation Phases
The dynamic calculation comprised four phases: initial phase, pile and interface activation
phase, pile hammering simulation phase, and fading phase. The k0 procedure was used to
generate the initial effective stresses and the initial groundwater condition in the model. In
the second phase, the pile material was assigned to the clusters that represented the helical
pile and the interface elements between the soil, and the pile were activated. The hammer
impact at the top of the helical pile was simulated in the third phase using a line load with
assigned dynamic multipliers having the shape of a half-sine wave as depicted in Figure 412. The dynamic time interval was set to 0.038 s for Case 1 and 0.0161 s for Case 2, and
the viscous boundaries were specified and activated. In the last phase, the fading of the
generated compression wave after the completion of the third phase was observed. The
final settlement occurred in this phase since the compression wave would be still
propagating downwards in the helical pile. The attenuation was simulated by continuing
the dynamic analysis for 0.1 s after the impact load expired. Figures 4-13 shows the
settlement of the helical pile versus time for Case 1 and Case 2, respectively.
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Figure 4- 13: Helical pile displacement time history, (a) Case 1 and (b) Case 2.
The results obtained from during the hammer simulation phase are shown in Figure 4-14
and 4-15, for Cases 1 and 2 respectively. Figure 4-14 shows that the velocity and
acceleration at the head and toe of the pile in Case 1 differed, due to the flexibility of the
long pile and associated elastic shortening of the pile shaft. There was a time lag between
the movement of the pile head and toe of about 5 ms. On the other hand, for Case 2, there
was no delay between the movement of the pile head and toe at the instance of impact;
therefore, the pile moved almost as a rigid body. The inertia force calculated from the total
pile mass must be considered.
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Figure 4- 14: Dynamic response of the helical pile installed in sand (Case 1).
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Figure 4- 15: Dynamic response of the helical pile installed in clay (Case 2).
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4.9.3. Derived load-displacement curve: Case 1.
This section presents the results in terms of load-displacement curve for the helical pile
installed in sandy soils obtained from different methods.
4.9.3.1

Employing CAPWAP (CAse Pile Wave Analysis Program)

The CAPWAP uses the dynamic measurements obtained by the Pile Driving Analyzer
(PDA) system during the HSDT to estimate the static axial capacity of the pile. CAPWAP
was used by CH2M HILL (2013) to obtain the derived static load-displacement curve, and
the results are compared with the calculated static response from the numerical model in
Figure 4-16. It is observed that the initial (elastic) region of both curves are similar, but the
curves differ in the plastic (nonlinear) region. This discrepancy is attributed to the incorrect
selection of the pile model in CAPWAP, since it considers the pile as a series of continuous
uniform sections, ignoring the contribution of the helices. The ultimate load capacity
obtained from the estimated load-displacement curve is approximately 1.2 times that
estimated based on CAPWAP analysis.
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Figure 4- 16: Load-displacement curves from numerical model and CAPWAP –
Case 1.
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4.9.3.2

The Modified Unloading Point Method (MUP)

The helical pile did not exhibit rigid body motion during the HSDT, rather it exhibited
elastic shorting behaviour (stress wave phenomenon). Consequently, the pile head response
(i.e. displacement, velocity, and acceleration) varied from that of the toe as can be seen
from Figure 4-14. Thus, the Modified Unloading Point Method developed by Justason
(1997), described in Appendix (A), is used to interpret dynamic measurements taken from
the numerical simulation to establish the derived load-displacement curve. Figure 4-17
compares the load-displacement curve obtained from the SLT (FEM – Plaxis 2D) and the
derived load-displacement curve from dynamic measurements (MUP – Hyperbolic
approximation). The MUP predicted reasonably well the load-displacement behavior and
ultimate static capacity in comparison to the SLT results. However, the maximum
measured displacement during dynamic testing was 35 mm, while the calculated value
from numerical model was 31 mm.
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Figure 4- 17: Load-displacement curve numerical model and MUP method – Case 1.
4.9.3.3

G-C Method.

The mathematical model considered in this method, referred to as G-C method, consists of
a mass representing the pile, and a spring a dashpot to represent soil stiffness and damping
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(Gibson and Coyle, 1968). The derived static load-displacement curve is obtained from the
dynamic responses calculated by the numerical model following the procedure described
in Appendix (A). The initial stiffness of the load-displacement curve (i.e. elastic region)
was derived from the dynamic measurements. The calculated load-displacement curve (GC method) is compared with that obtained from the SLT (FEM – Plaxis 2D)) in Figure 418. The two curves are in good agreement.
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Figure 4- 18: Load-displacement curves from numerical model and G-C method –
Case 1.

4.9.4. Derived Load-Displacement Curve: Case 2
This section presents the results of the methods used to determine the load-displacement
curve for the helical pile installed in clayey soils (Case 2).
4.9.4.1

CAPWAP (CAse Pile Wave Analysis Program)

The signal matching procedure using CAPWAP was implemented by Sakr (2013) to
extract static load response from top pile force and velocity measurements during the
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hammer impact. Figure 4-19 compares the results of the CAPWAP with the results of the
SLT simulated in Plaxis 2D. The predicted static capacity based on CAPWAP is
significantly lower than the estimated static capacity by the Davisson criterion. This is due
to the inappropriate selection of hammer weight; thus, the energy delivered to the helical
pile was not sufficient to mobilize its full capacity.
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Figure 4- 19: Load-displacement curves from numerical model and CAPWAP –
Case 2.
4.9.4.2

The Unloading Point Method (UP)

Since the wavenumber 𝑁𝑤 > 10 for Case 2, the influence of stress wave phenomenon can
be neglected, and the UP method can be applied. The derived load-displacement curve
using the UP method and the calculated dynamic responses is compared with the results of
SLT simulated in Plaxis 2D in Figure 4-20. A good agreement between both curves was
found. The ultimate static capacity determined from the UP method was about 9.9% higher
than that estimated from CAPWAP, but both have approximately the same final settlement.
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Figure 4- 20: Load-displacement curves from numerical model and the UP method Case 2.
4.9.4.3

G-C Method

The G-C method was used to establish the derived static load-displacement curve from the
calculated dynamic response and the results are compared with the measured SLT loaddisplacement curve in Figure 4-21 and. The figure shows good agreement between the two
curves. It is observed that this method provided more accurate static response compared to
the UP method. The estimated ultimate static load capacity matched the value obtained
from the field data (i.e. CAPWAP) but at a slightly lower settlement.
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Figure 4- 21: Load-displacement curves from numerical model and G-C method –
Case 2.

4.10. Validation of Dynamic Model
In summary, several methods were used to determine the mobilized soil resistance (i.e. the
derived load-displacement curve) based on the developed numerical models of the HSDT
conducted on helical piles. The results are compared with the measured field data to
validate of the numerical models. They are also compared with results from the static
simulations using the numerical models to investigate their accuracy. The results obtained
from the numerical simulations agreed reasonably with the measured data from full scale
helical piles load tests. Therefore, the numerical models used in the analyses, including the
soil models properties, helical pile model, hammer loading model, assumptions, and
boundary conditions for dynamic analysis in Plaxis 2D are validated.
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4.11. Parametric Study
The model assumptions used for developing the validated numerical models (i.e. soil
parameters, pile material, boundary conditions and dynamic loading) were used to develop
numerical models that were employed to conduct a comprehensive parametric study to
investigate the effect of different factors governing the HSDT on helical piles. The factors
considered in the parametric study are: helical pile configuration, soil type, hammer weight
and drop height, and cushion stiffness.
The investigated helical pile configuration included the number of helices and their spacing
ratio (𝑆/𝐷𝐻 ). The HSDT conducted on helical piles with different configurations installed
in either sand or clay profiles were analyzed to identify the failure surface and shape of
failed soil mass under impact loading. In addition, the effect of the hammer impact velocity
at the pile head on the effectiveness of the HSDT setup to mobilize the pile capacity fully
is examined. The force-time history at the pile head during the HSDT is mainly controlled
by the hammer weight and the cushion stiffness; therefore, these two parameters are also
investigated. The obtained dynamic data were then interpreted following the G-C method.

4.11.1.

Effect of Number of Helices

The effect of the number of helices on the response of helical pile subjected to the same
axial impact loading was investigated by considering four different seniors as presented in
Table 4-11. All parameters and impact load generated from the selected hammer at the
actual test are kept the same as discussed in previous sections.
Table 4- 11 Helical piles configuration considered in analysis to study effect of
number of helices.
Case
Case 1

Soil
Type
Sand

Case 2
Clay

Pile
configuration
Helical
Helical

No.
helix
1
2

𝑫𝑯

𝒕𝑯

𝑺/𝑫𝑯

𝑫𝑺

𝒕𝑺

𝑳

457
457

19
19

N/A
1.5

178

11.5

24.3

Helical

1

610

19

N/A

324
9.5
9
Helical
2
610
19
1.5
Where, 𝐷𝐻 is helix diameter, 𝑡𝐻 is helix thickness, 𝑆 is spacing between helices, 𝐷𝑆 is shaft diameter,
𝑡𝑆 is shaft thickness, and 𝐿 is pile length.
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Figures 4-22 and 4-23 present the derived load-displacement curves for piles in sand and
clay, respectively. It can be seen from Figures 4-22a and 4-23a that the static response
curves of single helix piles estimated from the dynamic analyses are in good agreement
with the static response obtained from the static analyses. This implies that the transferred
energy by the selected hammer-cushion combination was sufficient to mobilize the axial
capacity considering the Davisson’s failure criterion. However, no plunging failure
occurred as it is typically the case for end bearing piles installed in sand. For the doublehelix piles, Figures 4-22b and 4-23b demonstrate that the derived static resistance from the
dynamic analyses installed in sand and clay was significantly lower than the evaluated
static resistance generated from the static test simulations. The ultimate bearing capacity
at failure obtained from the dynamic analysis was about 23% lower than the value obtained
from static test simulation for the helical pile installed in sand and about 60% for the helical
pile installed in clay. Hence, it may be concluded that, as expected, using the same HSDT
setup on helical piles with different number of helices at the same soil condition will not
necessarily mobilize the full capacity and higher potential energy would be needed as the
number of helices increases. Therefore, the number of helices must be considered in
planning the HSDT to select a suitable hammer and cushion material that could generate
enough force to fully mobilize the helical pile capacity.
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Figure 4- 22: Derived static load-displacement curves obtained from dynamic and
static simulations for helical piles installed in sand: a) single helix pile; b) doublehelix pile.
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Figure 4- 23: Derived static load-displacement curves obtained from dynamic and
static simulations for helical piles installed in clay: a) single helix pile; b) doublehelix pile.

4.11.2.

Effect of Spacing Between Helices

The effect of helix spacing ratio (𝑆/𝐷𝐻 ) on the mobilized soil resistance during the HSDT
is investigated. Two spacing ratios are considered: 1.5, and 3. The force-time generated
from the hammer impact is maintained the same in all helical piles (i.e. shown in Figure 412). Table 4-12 summarizes the helical pile geometries considered in this analysis.
Table 4- 12: Helical pile geometries considered to study the effect of helix spacing.
Case

Soil
Type

Case 1

Sand

Case 2

Clay

No. helix

𝑫𝑯

𝒕𝑯

𝑺/𝑫𝑯

2

457

19

1.5

3

457

19

3

2

610

19

1.5

3

610

19

3

𝑫𝑺

𝒕𝑺

𝑳

178

11.5

24.3

324

9.5

9

The calculated ultimate capacities are plotted against the helix spacing ratio (𝑆/𝐷𝐻 ), and
the results are shown in Figure 4-25 for the helical piles in sand and Figure 4-25 for the
helical piles in clay. No significant changes in the derived load-displacement curve from
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the G-C method were observed with increasing spacing ratio from 1.5 to 3; however, the
lower the (𝑆/𝐷𝐻 ) ratio, the closer the shape of the derived load-displacement to that
obtained from a helical pile with a single helix. It can be concluded from this parametric
study that spacing ratio is not a factor that significantly influences the results of the HSDT,
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Figure 4- 24: Load-displacement curves obtained from G-C method and static
simulations at different spacing ratio for the helical piles installed in sand: (a)
𝑺/𝑫𝑯 = 𝟏. 𝟓 and (b) 𝑺/𝑫𝑯 = 𝟑.
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Figure 4- 25: Load-displacement curves obtained from dynamic and static
simulations at different spacing ratio for the helical piles installed in clay: (a)
𝑺/𝑫𝑯 = 𝟏. 𝟓 and (b) 𝑺/𝑫𝑯 = 𝟑.
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4.11.3.

Effect of Hammer Drop Height

The response of the helical piles to varying hammer drop heights was investigated. Only
the applied force-time history at the helical pile head was varied. Figure 4-26 depicts the
shapes of the force-time history at the helical pile with a single helix installed in the sandy
soil deposit as well as the shapes of the force-time history applied at the top of the helical
pile with double helices which is torque-driven in a clayey soil deposit. In both Cases, the
applied force-time history for each hammer drop height was generated in accordance to a
half-sine wave with an impulse that is equivalent to that generated using the following
equations (see chapter 3 for more details):
F(t) =

k s v̇ o
w√1 − D2

e−Dwt sin(tw√1 − D2 )

(4.6)
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Figure 4- 26: Shape of force pulses generated at different heights: (a) for single-helix
pile installed in sand, and (b) for the double-helix pile installed in clay.
Three different hammers drop heights were considered in the analysis. These drop heights
were 0.9 m, 1.5 m, and 2 m. The derived load displacement curves from the dynamic
analyses are presented in Figure 4-27 and 4-28. It can be seen that the hammer drop height
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has a profound effect on the response of the pile when all other parameters in the hammer-
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Figure 4- 27: Load-displacement curves obtained from dynamic and static
simulations for different hammer drop heights for piles installed in sand: (a) 0.9 m;
(b) 1.5 m; (c) 2 m.
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Figure 4- 28: Load-displacement curves obtained from dynamic and static
simulations for different drop heights for piles in clay: (a) 0.9 m; (b) 1.5 m; (c) 2 m.
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The calculated maximum pile top force and the maximum compressive stress within the
helical pile are plotted against hammer drop height in Figure 4-29. The calculated results
indicate that maximum compressive stress increases at a much faster rate in comparison to
the maximum pile top force with increasing hammer drop height. Also, a linear relationship
between the variation of the maximum force at the top of the helical pile with drop height
was observed similar to the pattern reported by Hussein et al. (1992) for driven piles, as
depicted in Figure 4-29a. Varying the impact height from 0.9 m to 2 m produced a force
that is higher approximately by 50%, but the maximum compression stress was up to 100%
higher than what has been estimated for the 0.9 m impact height for the helical pile installed
in the clayey soil. For the helical pile installed in sandy soil, increasing the impact height
from 0.9 m to 2 m increased the maximum pile top force by 47%. However, the maximum
compressive stress calculated for a drop height of 2 m was 125% higher than that for 0.9
m drop height. The helical piles in both cases were subjected to excessive stresses (higher
than steel yield strength) at a drop height greater than 1.5 m.
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Figure 4- 29: (a) Maximum force at helical pile head; and (b) maximum compression
stress generated at the helical pile due to changing in hammer drop height.
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4.11.4.

Effect of Hammer Weight

The hammer weight is a major factor in selecting a hammer-cushion system to effectively
displace the helical pile sufficiently to ensure that the end-bearing resistance if fully
mobilized. Four different values of hammer weight, Wr = 20 kN, 30 kN, 50 kN, and 80 kN,
were considered in the analysis. The helical pile considered was a double-helix pile with
spacing ratio (𝑆/𝐷𝐻 ) = 1.5. The hammer drop height was kept at 1 m for all cases. For each
hammer weight, the force-time responses were generated using equations 4.8 and 4.9, then
idealized as a half-sine wave with equivalent impulse energy (i.e. the product of the force
and time is maintained the same in both shapes).
For D < 1,
F(t) =

k s v̇ o
w√1 −

D2

e−Dwt sin(tw√1 − D2 )

(4.8)

e−Dwt sinh(tw√D2 − 1)

(4.9)

And; For D > 1,
F(t) =

k s v̇ o
w√D2

−1

The computed load-displacement curve from dynamic analyses for various hammer
weights are plotted along with the static load-displacement curve in Figure 4-30 and 4-31
for helical piles in sand and clay, respectively. It is evident that the greater the hammer
weight, the closer the predicted static response form dynamic analyses to the static response
due to the ability of the hammer-cushion-pile system to maintain the generated loads for a
long duration. In addition, the longer the duration, the lower the inertia and damping forces
are.

1200

1200

1000

1000

800

800

Load [kN]

Load [kN]

138

600
400
200

600
400

200

0

0
0

10

20

30

40

0

Displacement [mm]

10

20

Static response – Plaxis 2D

Static response – Plaxis 2D

Davisson criteria

Davisson criteria

G-C method

G-C method

(a)

40

(b)

1200

1200

1000

1000

800

800

Load [kN]

Load [kN]

30

Displacement [mm]

600
400

200

600
400
200

0
0

10

20

30

Displacement [mm]

40

0
0

10

20

30

Displacement [mm]

Static response – Plaxis 2D

Static response – Plaxis 2D

Davisson criteria

Davisson criteria

G-C method

G-C method

(c)

40

(d)

Figure 4- 30: Load-displacement curves from dynamic and static analyses for
different hammer weights for helical piles installed in sand: (a) 20 kN; (b) 30 kN; (c)
50 kN; and (d) 80 kN.
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Figure 4- 31: Load-displacement curves from dynamic and static analyses at
different hammer weights for helical piles installed in clay: (a) 20 kN; (b) 30 kN; (c)
50 kN; and (d) 80 kN.
For Wr = 20 kN, calculated displacement contours demonstrate that load transfer involved
individual helix bearing, not a cylindrical shear failure. This indicates that the hammer
weight was not enough to mobilize the ultimate pile capacity and form the expected failure
mechanism for a helical pile with two closely spaced helices, as depicted in Figure 4-32(a)
and Figure 4-33(a) for both soil conditions. As the hammer weight increases, the
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displacement contours expand and a soil cylinder forms between the two helices with
higher displacement contours, signifying the formation of the failure surface as shown in
Figure 4-32 and 4-33. Nevertheless, none of the selected hammer weights was sufficient to
fully mobilize the global cylindrical failure mechanism observed during the SLT. It should
be noted, though, that the soil mass (cylinder) between the helices moves due to the applied
dynamic forces resulting in development of shearing resistance at the interface between the
soil cylinder and adjacent soil, and hence complicating the behavior of helical piles
subjected to the HSDT. Thus, the mass of the inter-helix soil cylinder should be considered
when evaluating the HSDT setup to determine the most suitable combination of hammer
mass and drop height as well as cushion stiffness.

Figure 4- 32: Displacement contours obtained for the helical pile installed in sand at
a different hammer weight: (a) 20 kN; (b) 30 kN; (c) 50 kN; and (d) 80 kN.
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Figure 4- 33: Displacement contours obtained for helical pile installed in clay for
different hammer weight: (a) 20 kN; (b) 30 kN; (c) 50 kN; and (d) 80 kN.

4.11.5.

Effect of Cushion Stiffness

The cushion stiffness, 𝑘𝑠 , controls the duration and amplitude of the impact force at the
pile head. Two values of cushion stiffness were considered for each case. For Case 1, 𝑘𝑠 =
8E06 N/m and 8E07 N/m were considered while for Case 2, 𝑘𝑠 = 3E07 N/m and 3E08 N/m
were considered. These values were selected to represent overall soft and stiff systems. The
hammer weight and drop height were equal to 30 kN and 1 m, respectively. The spacing
ratio (𝑆/𝐷𝐻 ) = 1.5 was used for all cases. Figure 4-34 shows the generated force-time
history used to simulate the impact hammer considering the different cushion stiffness
values.

142

3000

1000

2500

Impact Force [kN]

Impact Force [kN]

800
600
400
200

2000
1500
1000
500

0

0
0

15

30

45

60

75

0

20

Dynamic Time [ms]
ks = 8E+06 N/m

ks = 8E+07 N/m

40

60

Dynamic Time [ms]
ks = 3E+07 N/m

(a)

ks = 3E+08 N/m

(b)

Figure 4- 34: Force pulse generated at pile head for different cushion stiffness: (a)
for Case 1; and (b) Case 2.
Figures 4-35 and 4-36 present the derived static load-displacement curves obtained from
G-C method compared with the static response curves for Cases 1 and 2, respectively. As
can be seen from these figures, a dramatic increase in the helical pile static response with
increasing cushion material stiffness. The developed displacement contours associated
with an impact on a stiffer cushion at the soil region around the helices are much higher
than that observed for the softer cushion as depicted in Figure 4-37 and 4-38 in both soil
conditions. Hence, more soil was mobilized with the pile movement, and formed a failure
surface consistent cylindrical shear failure that is anticipated for helical piles with closely
spaced double helices. This clearly demonstrates the importance of proper selection of
cushion stiffness for successful HSDT on helical piles.
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Figure 4- 35: Responses of the helical pile to different values of Ks for Case 1: (a)
8E06 N/m, (b) 8E07 N/m.
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Figure 4- 36: Responses of piles at different values of Ks for Case 2: (a) 3E08 N/m,
(b) 3E09 N/m.
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Figure 4- 37: Variations of contours of displacements with different cushion stiffness
for helical pile installed in sand Case 1: (a) 8E06 N/m, (b) 8E07 N/m.

Figure 4- 38: Variations of contours of displacements with different cushion stiffness
for helical pile installed in clay Case 2: (a) 3E08 N/m, (b) 3E09 N/m.
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4.12. Validation of Mathematical Model
The variation of mobilized static capacity ratio (i.e. from static and dynamic tests) with
impedance ratio is plotted against the results obtained from the mathematical model
developed in Chapter 3 (see Figure 3-23a). A total of 28 helical pile models were
considered, seven cases of single-helix pile and the rest represent double-helix piles with
spacing ratio (𝑆/𝐷𝐻 ) = 1.5 to 3.
Figure 4-39 shows excellent agreement between the mathematical solution and the
numerical analysis. This suggests that this curve can be used for estimating static capacity
mobilization ratio for helical pile capacity during the HSDT, even though it was established
based on collected data of HSDT conducted on driven piles. For driven piles it was
proposed to utilize impedance ratio (i.e. pile impedance/hammer impedance) between 0.7
to 0.9; meanwhile, the practical range of the impedance ratio for helical piles is between
0.55 to 0.75 with most of the data concentrated around 0.6. This range resulted in a
mobilized soil resistance ratio of approximately 1.
Inspecting Figure 4-39 shows three cases with mobilized soil resistance well above the
upper bound. These cases represented a soft system that generated a low force-time pule at
the pile head. Hence, it did not displace the helical pile sufficiently to mobilize its capacity.
In fact, the helical pile in these 3 models experienced very small displacement (i.e.
displacement to helix diameter = 0.021, 0.022, and 0.03).
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Figure 4- 39: Relationship between mobilized static soil resistance and impedance
ratio obtained from numerical analysis and mathematical model results.

4.13. Relationship of Hammer Potential Energy and
Mobilized Resistance at a Required Displacement
It is beneficial to develop an empirical correlation between the required impact energy to
displace the pile head sufficiently to mobilize its static ultimate capacity. Such correlation
can be used to select the proper hammer-cushion system for conducting the HSDT.
The pile impedance ratio can be determined by 𝜌𝐶𝐴 for straight shaft piles, and the
modified pile impedance equations (equation 3.50 and equation 3.51) for helical piles that
account for the added soil mass. The hammer and the cushion characteristic are quantified
as √𝑘𝑠 𝑚𝑟 . Figure 4-39 can then be used to determine the mobilized soil resistance ratio
(Static/Dynamic). This ratio will be used in the desired empirical correlation to establish
the necessary displacement.
The data points obtained from actual field HSDT and from the numerical models are
subjected to surface fitting procedure (Balaras and Jeter, 1990) to relate the displacement
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to an impact energy value. The program MATLAB (MathWorks, 2016) was employed to
accomplish the surface fitting procedure based on a Custom Fit Model. This is shown in
the following for piles installed in cohesive and cohesionless soils.

4.13.1.

For Clay

Thirty cases of HSDT conducted on piles installed in cohesive soil were used. Ten cases
were established from the numerical models and 20 cases were collected from the literature
from actual field tests as presented in chapter 3. In all cases, the pile capacity was
determined using HSDT in restrike condition. The measured displacements at the pile head
ranged between 5.8 mm to 23.8 mm with an average of 13.7 mm. The ratio of the mobilized
capacity derived from HSDT and SLT ranged between 0.46 to 1.3 with an average value
of 0.85. The pile length ranged from 4 m to 16 m. The potential energy for each case was
calculated using the gravitational force formula, 𝑚𝑔ℎ, with an average efficiency of 60%.
It should be noted that none of the cases involved excessive dynamic installation stresses
or any form of damage.
The generated 3-D plot with the best fit surface is depicted in Figure 4-40. The results
showed that the potential energy decreased exponentially with the decrease in the
mobilized soil resistance ratio and increased as the pile head displacement increased. The
most suitable empirical correlations with 70th percentile confidence interval are presented
in equations 4.10 and 4.11.

148

Figure 4- 40: A 3D plot of the Variation of potential energy with mobilized static
resistance ratio (static / dynamic) at a maximum measured top displacement for
cohesive soils.
Best fitted surface equation;
(𝐸𝑝 )60% = 3.36𝑆𝑚𝑎𝑥 − 99.03𝑒 −𝑅𝑚 + 126.2

(4.10)

Maximum potential energy (70th percentile);
(𝐸𝑝 )60% = 5.56𝑆𝑚𝑎𝑥 + 104𝑒 −𝑅𝑚 + 183.26

(4.11)

Where; (𝐸𝑝 )60% = Potential energy in 𝑘𝑁. 𝑚2 /𝑠 2 .

4.13.2.

𝑆𝑚𝑎𝑥

= Required top pile head displacement in mm.

𝑅𝑚

= Mobilized static resistance ratio from Figure 4-39.

For Sand

The data base used for developing the empirical correlation for helical piles installed in
sand comprised primarily data from numerical models and only one actual field test case.
The range of the maximum measured pile top displacement varied from 7.3 mm to 36.4
mm with an average of 22 mm. The mobilized static resistance ratio varied from 0.49 to
2.31. The pile length was 24.7 m for all cases considered. The best fit surface and
confidence interval were obtained, and the results are shown in Figure 4-41.
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Figure 4- 41: A 3D plot of the variation of potential energy with mobilized static
resistance ratio (static / dynamic) at a maximum measured top displacement for
cohesionless soils.
Best fitted surface equation;
(𝐸𝑝 )60% = 11.87𝑆𝑚𝑎𝑥 − 158.4𝑒 −𝑅𝑚 + 117.5

(4.12)

Maximum potential energy (70th percentile);
(𝐸𝑝 )60% = 12.65𝑆𝑚𝑎𝑥 + 168.35𝑒 −𝑅𝑚 + 217.5

4.13.3.

(4.13)

Design Procedure

(A) The procedure presented herein is for the case of known hammer mass, 𝑚𝑟 , and
equivalent cushion stiffness, 𝑘𝑠 . The following procedure should be followed:
1. Calculate the impedance ratio, 𝐼, using equation 3.41 for driven piles and equation
3.50 and 3.51 for helical piles with single and double helices, respectively.
2. Estimate the mobilized static resistance ratio, 𝑅𝑚 , from Figure 4-39.
3. Select the desirable top pile head displacement, 𝑆𝑚𝑎𝑥 .
4. Use the most appropriate equation (eq. 4.10 to 4.13) based on the soil type at the
site to calculate the potential energy (𝐸𝑝 )60% .
5.

Substitute (𝐸𝑝 )60% and 𝑚𝑟 in equation 4.14 to estimate the drop height, ℎ.
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ℎ=
6.

500 (𝐸𝑝 )60%
3𝑔𝑚𝑟

(4.14)

After conducting the HSDT and obtaining the mobilized capacity of the tested pile
form dynamic measurements, use equation 4.15 to correct the value. Alternately,
use equation 4.15 to correct the derived load-displacement curve to reflect the one
obtained from SLT.

𝑀𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝑠𝑡𝑎𝑡𝑖𝑐 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑆𝐿𝑇) = 𝑅𝑚 𝑥 Mobilized static resistance
(HSDT)

(4.15)

(B) To select the hammer and equivalent cushioning stiffness, the following steps are
proposed:
1. Assume a value for 𝐼 based on the recommended ranges for the pile type to be tested
(see section 4.12).
2. Determine 𝑅𝑚 and 𝑆𝑚𝑎𝑥 .
3. Calculate (𝐸𝑝 )60% and maximum (𝐸𝑝 )60% .
4. Use equation 4.14 with assumed drop height, for example 1 m, after which estimate
the range of the hammer mass using the values from step 3.
5. Select the most suitable and available hammer mass that lay within the range
established from step 4.
6. From equation 3.41 for driven piles and equation 3.50 and 3.51 for helical piles,
estimate the required cushion stiffness. Then, select the most approximate cushion
stiffness available at the site.
7. Re-calculate 𝐼 using the selected hammer mass and cushion stiffness and apply
procedure (A).

4.13.4.

Limitations of Design Procedure

Even though the proposed procedures can estimate the required energy to displace a pile
to a given displacement in order to mobilize its static capacity, they have limitations as
follow;
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1. The equations were established based on several case histories collected from
various sources, including technical and literature sources and numerical analysis.
Table 4.13 shows the characteristics of the HSDT collected from these sources
along with lower and upper limits, average value, standard deviation, and
coefficient of variation. Most of the source performed the HSDT on piles installed
in cohesive soils. Therefore, more investigations are required to provide a robust
design procedure for piles installed in cohesionless soils.
2. Several methods exist in the literature for the capacity determination of piles.
Herein, Davisson’s criterion was used to determine the capacity of all piles in this
study in order to compare it with pile capacity determined indirectly from HSDT
using the methods discussed above.
3. The HSDT characteristics in most of the case histories were not sufficient to
mobilize the soil resistance; therefore, a correction factor (equation 4.15) was
proposed.
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Table 4- 13: Limitations of Design Procedure.
Pile type

Lower
Limit

Upper
Limit

Average

Standard
deviation

Coefficient
of variation

18

60

21

14

0.59

800

5460

1840

600

0.80

8

80

28

21

0.75

0.8

1.4

1

0.4

0.35

4

8

5

1.3

0.27

160

500

336

162

0.78

Impedance ratio

0.55

1.3

1.02

0.30

0.36

Diameter (𝑚𝑚)

230

500

300

130

0.41

19

49

36

12

0.33

520

3410

1450

750

0.52

15

60

30

12

0.40

0.2

1.5

1

0.40

0.56

2

6

3.5

1

0.30

102

800

250

130

0.77

0.55

1.50

1.01

0.4

0.36

178

508

260

75

0.27

356

914

610

200

0.34

Parameter
Weight of
hammer (𝑘𝑁)
Peak force at the
pile head (𝑘𝑁)
Time of impact
(𝑚𝑠)

Driven
piles

Drop height (𝑚)
Velocity of
impact (𝑚/𝑠)
Equivalent
cushion stiffness
(𝑘𝑁/𝑚𝑚)

Weight of
hammer (𝑘𝑁)
Peak force at the
pile head (𝑘𝑁)
Time of impact
(𝑚𝑠)
Drop height (𝑚)
Velocity of
Helical
piles

impact (𝑚/𝑠)
Equivalent
cushion stiffness
(𝑘𝑁/𝑚𝑚)
Impedance ratio
Shaft diameter
(𝑚𝑚)
Helix diameter
(𝑚𝑚)
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4.14. Conclusion
2D Finite Element Models (FEM) were constructed by employing Plaxis 2D to investigate
the behaviour of helical piles under the HSDT. The models were validated with two case
histories results found in the literature. The axisymmetric model type was used to model
the geometry condition of the problem in order to minimize the computational time. The
size of the models was greater than L x 2L, where L is the length of the pile. No adverse
effect from the boundaries was found; hence, the selected size for all models was sufficient
to minimize the boundary effects. For the dynamic load simulations, the viscous boundaries
were assigned for the exterior and bottom boundaries. The Hardening Soil model (HS) was
selected to describe the mechanical behavior of the soils. A volume cluster with linearly
elastic non-porous material behavior was selected to model the helical pile. The mesh was
discretized using fifteen-nodded triangular elements. An excellent match between the
measured and calculated results were achieved.
The finite element models were extended to perform a parametric study to understand
better the influence of different factors that may affect the behavior of the helical pile
during the HSDT. These factors included: helical effects, spacing ratio, drop height,
hammer weight, and cushion stiffness. The results showed that the effect of helices should
be accounted for in selecting the HSDT aspects to ensure that enough force at the helical
pile is generated to fully mobilize the resistances of helical piles. The results were similar
for helix spacing ratio 1.5 and 3. It was also observed that for a hammer-cushion-pile
system, the dropped height has a profound effect on the response of the helical pile;
however, a drop height higher than 1.5 m should be avoided due to the development of to
excessive stresses greater than the allowable stresses within the helical pile.
The parametric study also showed that the predicted static response form dynamic
measurements approximately matched the static response of the helical pile as the hammer
weight increased, which exerted impact loads that lasted longer. It also has a significant
effect on the formation of the global geometry of the failure zone in the soil mass within
the inter-helical zone. Thus, a soil mass should be considered in the drivability analysis of
the helical pile. Furthermore, the cushioning material plays a role in the amount of energy
delivered on top of the helical piles. Softer cushions tend to minimize the mobilized
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resistance, while stiff cushions create stresses that could lead to the yielding of helices and
possible damage at the top of the helical pile. In addition, the finite element analysis results
were in good agreement with the results obtained from the mathematical model. Finally,
the results from the parametric study were used to establish a design procedure and
guidelines for an effective HSDT on helical piles, as well as for uniform shaft piles.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Overview
The High Strain Dynamic Load Test (HSDT) evaluates the pile capacity using dynamic
measurements generated through subjecting the pile to an axial compressive impact force
by means of dropping a hammer at its head. The objective of this study is to investigate the
performance and effectiveness of HSDT of helical piles using mathematical and numerical
methods. Several case studies were examined to validate the mathematical model. In
addition, finite element models were established and were validated using the results of
two cases histories. The validated models were then used to conduct a parametric study to
evaluate the effects of the HSDT parameters. The findings from the conducted studies are
provided here and some recommendations are stated for future investigations.

5.2 Conclusions
Based on the mathematical analysis, the following conclusions are drawn:
1. Equations were derived to predict the force-time response for both straight shaft
piles and helical piles considering their impedance. The predicted force time history
from these equations matched the measured force of the pile reasonably well.
2. The force-time response at the pile head is controlled mainly by two parameters;
the equivalent cushion stiffness, 𝑘𝑠 , and pile impedance, 𝑍. For a given system, the
cushion material has a significant effect on the generated pulse shape. Softer
cushion tends to elongate the time of impact and reduce the peak force while stiffer
cushioning produces short time impact and increases the peak force at the head of
the pile. Pile impedance influences the generated peak force for a given hammer
and cushion setup. For low pile impedance, the peak force increases linearly with
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the increase in pile impedance. For high pile impedance, the increase is not that
significant.
3. Energy dissipation in the hammer-cushion- pile system is described by the damping
ratio, 𝐷. For a system with D > 1, the force is transmitted gradually to the pile head
before it returns to equilibrium with no negative force. For a system with D < 1, the
force is transmitted at a high rate. Furthermore, the peak pile force is inversely
related to the damping. The peak pile force decreases exponentially as D increases.
4. Maximum compressive and tensile stresses above the recommended limiting stress
value or damage of the pile head may result in an overdamped system; therefore,
monitoring such a system is necessary.
5. The impedance ratio, 𝐼, should be kept between 0.7 and 0.9. For impedance ratio ≥
1, the hammer-cushion-pile system does not exhibit oscillatory force-time
response. However, this system may experience hammer separation from the pile
head, which reduces the energy transmitted to the pile head. On the other hand, for
𝐼 < 1, the force-time response exhibits oscillatory behaviour as the force decays
with time. The peak force becomes sharper and short in duration. In such cases,
monitoring the dynamic data is necessary to detect any pile damage.
6. It is recommended to carry out multiple blows when conducting the HSDT with
increasing drop height to simulate load-displacement curves for piles. The overall
derived static load-displacement curve can be constructed by a best-fit curve that
passes through the curves obtained from each height. In some cases, using one
representative blow of the highest energy seems to overestimate the mobilized
capacity of the pile due to the effect of dynamic forces in the determination of the
pile static resistance.
7. The end-bearing resistance offered by the helices increases the pile mechanical
impedance, 𝑍. Therefore, pile impedance is modified by considering an added soil
mass (equations 3.50 and 3.51) to account for the effect of helices.
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Based on the two-dimensional finite element modelling and the parametric study, the
following conclusions can be drawn:
1. The FE results compared well with the measured results confirming that the SLT
and the HSDT could be modelled using 2D axisymmetric ﬁnite element model with
reasonable accuracy.
2. The failure mechanism of the helical pile depended on the inter-helix spacing.
Cylindrical shear failure was observed for helix spacing ration = 1.5, and individual
plate bearing was observed for spacing ratio = 3.
3. A geometry domain size of L x 2L, where L is the pile length, is sufficient to
simulate static and dynamic load tests conducted on helical piles.
4. The typical trend of load-settlement curves of helical piles were captured well by
the Hardening Soil (HS) model.
5. It is appropriate to simulate the hammer impact at the top of the foundation using a
half sine-wave profile provided that the system has an impedance ratio ≥ 1.
6. The load-settlement curves derived from interpreting dynamic measurements (i.e.
force, acceleration, and velocity measurements) using the G-C method were
compatible with field measurements and predictions from other approaches.
7. The effect of helices should be considered when determining the hammer weight
and cushion material for the HSDT. Using the same HSDT setup on helical piles
with different number of helices may not lead to the same mobilized loaddisplacement curve due to the helices resistance, which leads to increased pile
impedance. Helical piles with double helices required higher force to compared to
single-helix piles.
8. It is not recommended to increase the dropped height of the hammer more than 1.5
m as this may lead to excessive stresses.
9. The

predicted

load-displacement

curves

form

dynamic

measurements

approximately match the field measurements of SLT as the weight of the hammer
increases. Larger hammer weights generated a force with long duration at the pile
head, and reduced inertia and damping forces.
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10. The derived static response increased dramatically as the stiffness of the cushion
increased; however, very stiff cushions for a given hammer and pile should be
avoided since a sharper and shorter duration of the force pulse will be generated.
11. Figure 4-39 can be used for the design of HSDT for both driven and helical piles
installed in cohesionless or cohesive soils. The impedance ratio, 𝐼, for helical piles
should be kept between 0.55 to 0.75, with most of the data concentrated around 0.6
to obtain approximately a mobilized soil resistance ratio of 1.
12. The results from the mathematical solution and the numerical analysis were used
to establish a design procedure and guidelines for an effective HSDT on driven and
helical piles.

5.3 Recommendations for Future Research
To further understand the performance and load transfer mechanisms of helical piles during
axial impact loading, the following recommendations are offered for future research:
1. Experimental investigations should be carried out to cover a wider range of soil
types and profiles, especially in cohesionless soils. The results of such investigation
can be used to further validate the findings stated in this thesis. It is recommended
to record the following information during full-scale field tests; signals of force and
velocity, the characteristics of the hammer and the cushion, and static and dynamic
properties of the soil. These data can be used to accurately simulate the helical pile
response to impact loading using finite element models, instead of using CAPWAP
wave analysis.
2. The effect of non-linear cushion behavior and the amount of heat dissipated in the
cushion should be investigated. The analytical solutions developed herein were
sufficient to predict the generated peak force at the top of the pile for a given
hammer and cushion material and the duration of the impact but approximated the
real shape of the force-time response. It is believed that the real shape of the forcetime response can be captured once the actual load-deformation curve for a cushion
under impact loading is being accounted for if it is available.
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APPENDIX A

METHOD OF ANALYZING AXIAL PILE
RESPONSE UNDER DYNAMIC LOADING
Several methods are available in the literature to interpret the static behaviour of piles under
dynamic axial loading. The methods that are based on one degree of freedom, commonly
applied in practice, are discussed herein.

A.1. Unloading Point Method (UP)
The UP method idealizes the foundation-soil system as a single degree of freedom
comprising of nonlinear spring and a linear dashpot subjected to transient forces and
accelerations (Middendorp et al., 1992). The spring coefficient, 𝑘, represent static soil
resistance and the dashpot coefficient, 𝑐, represent the dynamic resistance due to the rate
of penetration. Two main assumptions are made in the UP method: the foundation is
considered as a rigid body, and the dashpot coefficient is constant throughout the test. The
unloading point is defined as the instant where the velocity (and damping) is zero, hence
the derived load-displacement curve can then be obtained. A hyperbolic model can be used
to describe the load-displacement curve, i.e. (Hölscher & Tol, 2009):
𝐹𝑠𝑡𝑎𝑡𝑖𝑐 (𝑡) =
𝐵=

𝐾𝑜 𝑢(𝑡)
1 + 𝐵 𝑢(𝑡)

𝐾𝑜
1
−
𝜂[𝐹𝑠𝑡𝑎𝑡𝑖𝑐 (𝑡𝑚𝑎𝑥 ) − 𝑚 𝑎(𝑡𝑚𝑎𝑥 )] 𝑢(𝑡𝑚𝑎𝑥 )

(A.52)

(A.2)

Where; 𝐹𝑠𝑡𝑎𝑡𝑖𝑐 (𝑡) = static soil response at time 𝑡; 𝐾𝑜 = initial stiffness determined from
dynamic measurements; 𝑢(𝑡) = pile displacement at time 𝑡; 𝜂 = reduction empirical factor
to account for the rate effect; 𝑡𝑚𝑎𝑥 = time at zero velocity (and maximum displacement);
𝐹(𝑡𝑚𝑎𝑥 ) = static soil response at maximum displacement; 𝑚 = pile mass; and 𝑎(𝑡𝑚𝑎𝑥 ) =
acceleration at maximum displacement.
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Schmuker (2005) proposed for 𝜂;
𝐼

0.33𝑥10−6
𝜂=(
)
𝑣𝑚𝑎𝑥

(A.3)

Where; 𝐼 = viscosity index, and 𝑣𝑚𝑎𝑥 = maximum attained velocity during testing (m/s).
For sand and silt, 𝐼 ranges from 0.01 to 0.02, while for clay, it varies from 0.03 to 0.06. 𝐼
= 0.017 was used for Case 1, which gave a reduction factor of 0.77. For Case 2, 𝐼 = 0.03
was used which gave a reduction factor of 0.67.
The wavenumber parameter, 𝑁𝑤 = 𝐶𝐿/𝑇 determines the applicability of the UP method in
deriving the static load-displacement behavior from dynamic measurements; where, 𝑇 is
the impact load duration. The UP can be applied for 𝑁𝑤 > 6 (Middendorp, 2000). Stress
wave effects (i.e. stress wave phenomena) becomes large 𝑁𝑤 < 10 (Gunaratne, 2013).
Modified Unloading Point Method (MUP) was proposed by Justason (1997) to be applied
for relatively long piles. The MUP method requires the incorporation of an additional
accelerometer at the pile toe, and the pile velocity and acceleration are defined as the
average of top and toe velocities and accelerations.
In this study, the calculated wave number parameters are 8.5 and 10.1 for Case 1 and Case
2, respectively. Therefore, the MUP method is adopted for Case 1, and the UP method is
adopted for Case 2 to establish the derived load-displacement curve from the dynamic
measurements obtained from Plaxis 2D.

A.2. Method Based on Gibson and Coyle (1968)
Gibson and Coyle (1968) conducted triaxial tests on sands and clays to investigate the
influence of loading rate on the soil resistance. They proposed that the dynamic soil
strength 𝑃𝑑 can be related to the static strength 𝑃𝑠 by considering the loading velocity, 𝑉,
i.e.,
𝑃𝑑 = 𝑃𝑠 (1 + 𝐽𝑉 𝑁 )

(A.4)

Where, 𝑁 is an exponent that control the nonlinearity of the effect, and 𝐽 is damping
coefficient that depends on soil type. Thus, the damping resistance, 𝑃𝑠 𝐽𝑉 𝑁 , is proportional
to the pile velocity and 𝑃𝑑 = 𝑃𝑠 when the damping resistance is zero.
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To include the inertia effect, which cannot be neglected in HSDT, the equilibrium equation
for a single degree of freedom system representing the pile is given by
𝐼𝑚𝑝𝑐𝑡 𝑓𝑜𝑟𝑐𝑒 = 𝑠𝑝𝑟𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 + 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 + 𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
𝐹𝑑 (𝑡) = 𝐾𝑢(𝑡) + 𝐶𝑣(𝑡) + 𝑚𝑎(𝑡)

(A.5)

Where, 𝑚 = pile mass, 𝐾 = stiffness, and 𝐶 = damping coefficient; and the external
impact force 𝐹𝑑 (𝑡) varies with time, 𝑡. The static response is determined as the resistance
of the spring to deformation. Using the damping component proposed by Gibson and Coyle
(1968), equation A.5 can be rewritten as:
𝐹𝑑 (𝑡) = 𝑃𝑠 (𝑡) + 𝐽𝑃𝑠 (𝑡)𝑉(𝑡)𝑁 + 𝑚𝑎(𝑡)

(A.6)

The derived load-displacement curve can then be obtained from the dynamic
measurement during HSDT;
𝑃𝑠 (𝑡) =

𝐹𝑑 (𝑡) − 𝑚𝑎(𝑡)
1 + 𝐽𝑉(𝑡)𝑁

(A.7)

Where: 𝑃𝑠 (𝑡) = soil static resistance; 𝐹𝑑 (𝑡) = measured force at pile head; 𝑎(𝑡) = measured
acceleration at pile head 𝑉(𝑡) = measured velocity at the pile head and 𝑁 = 0.18 for clay
and 0.20 for sand.
To avoid values of 1 + 𝐽𝑉(𝑡)𝑁 smaller than one, 𝑉(𝑡) must be positive to develop the
correct shape of the load-displacement curve; therefore, the velocity is defined by the
following;
𝑉(𝑡) = |𝑉(𝑡)| 𝑓𝑜𝑟 𝑡 < the time at max. velocity

(A.8)

𝑉(𝑡) = 𝑉𝑚𝑎𝑥 𝑓𝑜𝑟 𝑡 ≥ the time at max. velocity

(A.9)

The damping coefficient, 𝐽, can be determined from soil properties; angle of friction in
sands and liquidity index in clays. For sand, 𝐽 varies linearly from 1 to 0.25 for angle of
friction between 30 to 45. For clay, 𝐽 varies linearly from 0.65 to 1.2 for liquidity index
between 0.1 to 0.55. Herein, 𝐽 was estimated to be equal to 0.4 with 𝑁 = 0.2 for the
helical pile installed in sandy soils and 0.75 with 𝑁 = 0.18 for the helical pile installed in
clayey soils.
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A.3. Brown and Hyde (2008)
The rate of loading effect on pile bearing capacity in clay was investigated by Brown and
Hyde (2008). They proposed the following expression to derive the static resistance from
the dynamic measurements during the HSDT:
𝑃𝑠 (𝑡) =

𝐹𝑑 (𝑡) − 𝑚𝑎(𝑡)
0.2
𝐹 (𝑡)
1+ 𝑑
𝛼
− 0.1]
𝐹𝑑_𝑚𝑎𝑥 [(𝑣(𝑡))

(A.10)

Where, 𝐹𝑑_𝑚𝑎𝑥 is the maximum measured force at the pile head and 𝛼 depends on soil
plasticity and can be estimated form the clay plasticity Index, 𝑃𝐼, i.e. (Holscher & van Tol,
2009):
𝛼 = 0.031𝑃𝐼 + 0.46

(A.11)

Equations A-8 and A-9 are used to modify the velocity to ensure it is always positive in
Equation A.10.
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APPENDIX B

GEOTECHNICAL CORRELATIONS FOR THE
DETERMINATION OF SOIL PROPERTIES
The correlations presented herein use the uncorrected Standard Penetration Test (N) values
as an input and are collected from various sources found in the literature. A comprehensive
review was made of the literature in order to summarize and tabulate a wide range of
available existing correlations for granular and fine-grained deposits. Such correlations
could be used to build a numerical model with acceptable accuracy.

B.1. Correlation Between SPT-N Value and Modulus of Elasticity
Several investigations in the literature have correlated the values of blow count, 𝑁, with
the modulus of elasticity, 𝐸, for sand and sandy soils. A compiled list of these correlations
is presented in Table B-1. The empirical equations in Table B-1 are plotted in Figure B-1.
Table B- 1: Correlations between E and N for granular and fine-grained soils.
Reference

Equation [kN/m2]

Soil Type

Ferrent (1963)

𝐸 = 718(1 − 𝑣 2 )𝑁

Sand

Webb (1969)

𝐸 = 479(𝑁 + 15)

Sand and Silty Sand

Schmertmann (1970)

𝐸 = 766𝑁

Sands
𝐶 = 3 for Silt with Sand

Begemann (1974)

4000 + 100𝐶(𝑁 − 6) 𝑓𝑜𝑟 𝑁 > 15
𝐸={
100𝐶(𝑁 + 6)
𝑓𝑜𝑟 𝑁 < 15

𝐶 = 12 for Gravel with
Sand

Trofnnenkov (1974)
Denver (1982)

𝐸 = (34300 𝑡𝑜 49000)𝑙𝑜𝑔𝑁
𝐸 = 7000𝑁

0.5

Sand
Sand

Bowles (1988)

𝐸 = 250(𝑁 + 15)

Saturated Sand

Bowles (1988)

𝐸 = 300(𝑁 + 6)

Silty Sand

El-Kasaby (1990)
Kulhawy and Mayne
(1990)

𝐸 = 15000 + 900𝑁
𝐸
= 5𝑁60
𝑃𝑎

Sand
Sand with Fines

Papadopoulos (1992)

𝐸 = 7500 + 800𝑁

Granular soils

Bowles (1996)

𝐸 = 500(𝑁 + 15)

Sand
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Figure B- 1: Correlations of modulus of elasticity with Standard Penetration Test
for sand and silt.
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B.2. Correlation Between SPT-N Value and Void Ratio
Anbazhagan et al. (2017) developed a set of empirical relations between void ratio and N
value for a wide range of soil types. 293 data points of SPT-N numbers and void ratio
collected from 84 boreholes were analyzed based on the least-squares method to obtain the
best-fit equations that described the trend of the scattered data. The proposed correlations
are as follow;
•

•

•

For all soils;
𝑒 = 1.202𝑁 −0.217

(B.53)

𝑒 = 0.89𝑁 −0.12

(B.54)

𝑒 = 1.01𝑁 −0.105

(B.55)

For fine-grained soil;

For coarse grained soil;

B.3. Correlation Between SPT-N Value and Shear Wave Velocity
A wide range of regression equations of SPT-N versus Vs is available in the literature for
cohesionless soil. Most of those equations are based on a power-law relationship between
Vs and uncorrected SPT-N value. Table B-2 summarizes nearly most of the empirical
relationships for cohesionless soil.
Furthermore, the values of the low-strain Poisson’s ratio, 𝑣, is calculated based on the
theory of elasticity using equation B.4.
𝑉𝑝 2
(𝑉 ) − 2
𝑠
𝑣=
𝑉𝑝 2
2 (( 𝑉 ) − 1)
𝑠

(B.56)
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Table B- 2: Correlations between Vs and SPT (N).
Type of
soil

N value
used

Correlation

Comment

All

70

𝑉𝑠 = 19𝑁 0.6

Sandy soil

-

𝑉𝑠 = 31.7𝑁 0.54

All

-

𝑉𝑠 = 84𝑁 0.31

Ohta et al (1972)

Sand

100

𝑉𝑠 = 87.2𝑁 0.36

Fujiwara (1972)

All

-

𝑉𝑠 = 92.1𝑁 0.337

Most incongruous and poor
prediction.
Equation based on several
previous studies.
Derived from Rayleigh
wave velocity
measurements; best for
alluvial soils.
Tertiary soil, and Diluvial
sandy soil.
-

All

220

𝑉𝑠 = 81.4𝑁 0.39

Measurements done by a
Downhole Borehole Test.

All

26

𝑉𝑠 = 76𝑁 0.33

Measurements done by a
down-hole borehole test.

All

756

𝑉𝑠 = 89.9𝑁 0.341

Sand

-

𝑉𝑠 = 80.6𝑁 0.331

Author(s)
Kanai (1966)
Shibata (1970)
Ohba and Toriuma
(1970)

Ohsaki and
Iwasaki (1973)
Imai and
Yoshimura (1975)
Imai et al (1975)
Imai (1977)
Ohta and Goto

Includes fill soils, peats, and
all other soils.
For granular soils;
overestimate
Vs at shallow depths and
underestimate Vs at greater
depths.
-

All

289

𝑉𝑠 = 85.35𝑁 0.348

All

-

𝑉𝑠 = 61.4𝑁 0.5

All

294

𝑉𝑠 = 96.9𝑁 0.314

Sand

229

𝑉𝑠 = 100.5𝑁 0.29

All

-

Sand

-

𝑉𝑠 = 125𝑁 0.3

Sand

-

𝑉𝑠 = 57.4𝑁 0.49

All

-

𝑉𝑠 = 107.6𝑁 0.36

Sisman (1995)

All

-

𝑉𝑠 = 32.8𝑁 0.51

-

Iyisan (1996)

All

-

𝑉𝑠 = 51.5𝑁 0.516

-

(1978)
Seed and Idriss
(1981)
Imai and Tonouchi
(1982)
Sykora and Stokoe
(1983)
Jinan (1987)
Okamoto et al
(1989)
Lee (1990)
Athanasopoulos
(1995)

Work well with Alluvial
sands; and poor, for clay
and loam soils.
Based on Cross-hole
Seismic Testing.

𝑉𝑠

-

= 116.1(𝑁 + 0.3185)

0.202

Usually Overestimated Vs.

-
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Jafari et al (1997)
Pitilakis et al.
(1999)
Kiku (2001)

𝑉𝑠 = 22𝑁 0.85

All
Sand

300

All

Hasancebi and
Ulusay (2006)
Hasancebi and
Ulusay (2006)
Ulugergerli and
Uyanık (2007)
Dikmen (2009)

0.178
𝑉𝑠 = 145𝑁60

Data obtained from CrossHole and Down-Hole Tests

𝑉𝑠 = 68.3𝑁 0.292

Measurements done by
Seismic refraction.

Sand

45

𝑉𝑠 = 90.82𝑁 0.319

Sand

45

0.205
𝑉𝑠 = 131𝑁60

All

-

All

-

Sand

-

-

𝑉𝑠 = 23.291 𝐿𝑛(𝑁)

Based on Seismic
refractions.
Upper limit

+ 405.61
𝑉𝑠 = 52.9𝑒

−0.011𝑁

𝑉𝑠 = 73𝑁 0.33

Lower limit
-

B.4. Static and Dynamic Stiffness
The initial stiffness, 𝐸𝑖 , can be determined form the distribution of Poisson's ratio, 𝑣, and
shear modulus at small strain, 𝐺𝑚𝑎𝑥 , using the following expression;
𝐸 = 2𝐺(1 + 𝑣)

(B.57)

The modified hyperbola model can be to reduce the initial stiffness, 𝐸𝑖 , to a secant modulus,
𝐸𝑠 , at the working load level. The general expression of the model is given by Fahey and
Carter (1993) as follow;
𝐸𝑠
𝑞 𝑔
= 1−𝑓(
)
𝐸𝑖
𝑞𝑢𝑙𝑡
Where,

𝑞
𝑞𝑢𝑙𝑡

(B.58)

is the mobilized stress relative to the ultimate stress, and 𝑓 and 𝑔 are fitting

parameters. Verbrugge & Schroeder (2018) indicated that the ratio is commonly between
0.05 and 0.3, depending on the rate of the applied load. Furthermore, Alpan (1970)
proposed a curve to estimate the dynamic modulus of elasticity from the elastic static
modulus for different types of soils, as shown in Figure B-2.

172

E - dynamic / E - static

100

10

1
1

10

E - static [Mpa]

100

1000

Figure B- 2: Dynamic and static modulus of elasticity after Alpan (1970).
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